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Abstract 
Mycobacterium avium ssp paratuberculosis (MAP) is the causative agent of Johne’s disease 

(JD), a chronic granulomatous enteritis of ruminant’s prevalent world-wide. Infection of 

calves occurs through the faecal oral route, typically in animals <6 months old. Animals are 

asymptomatic for 2-5 years before clinical signs begin to show, which typically present as 

emaciation and chronic diarrhoea. In the subclinical phase, animals will have decreased 

milk yield, increased susceptibility to other diseases and decreased feed conversion. This 

has a severe impact on the farming economy and animal welfare, as affected animals are 

often prematurely culled.  

Infected subclinical animals are extremely difficult to identify but can still act as a source of 

transmission for the rest of the herd by shedding MAP in their faeces. There is no treatment 

for JD, and the current diagnostic tests are ineffective. By investigating the initial 

interaction between MAP and the host at the intestinal lining, a greater understanding of 

MAP pathogenesis can be gained and better diagnostic and therapeutic targets can be 

identified.  

In this work, proteins expressed on the surface of MAP were assessed for their ability to aid 

attachment, invasion and intracellular survival in epithelial and phagocytic cells when 

expressed on the membrane of a non-invasive E. coli host strain. The proteins investigated 

were encoded by mammalian cell entry (mce) genes, mce1A, mce1D, mce3C and mce4A, 

which have been implicated in attachment and invasion of epithelial cells by other 

mycobacteria. Interestingly, E. coli expressing Mce1A had enhanced uptake by phagocytic 

cells and E. coli expressing Mce1D had enhanced attachment and invasion of epithelial cells, 

but neither protein conferred this phenotype in both eukaryotic cell types investigated.  

To identify key intestinal cell types involved in MAP pathogenesis, bovine intestinal 

organoids (enteroids) were assessed for their ability to model a MAP infection in a 

physiologically representative system. Baso-out 3D enteroids, apical-out 3D enteroids and 

2D monolayers were created, and the cell types present were compared to bovine 

intestinal tissue samples using RT-PCR and immunofluorescence microscopy. The models 

contained the mature epithelial cell types of the intestine including goblet cells, 

enteroendocrine cells, Paneth cells and enterocytes. 3D baso-out enteroids and 2D 
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monolayers also contained proliferative cells, but the 3D apical-out enteroids did not and so 

could not be maintained past 2 weeks of culture.  

The models were infected with two strains of MAP over the course of 72 hours, the 

reference strain K10, and a recent clinical isolate C49. MAP C49 was shown to be present in 

all three intestinal models in consistently higher numbers than MAP K10, quantified using 

qPCR of the genomic DNA. This indicates that MAP C49 was better able to infect these 

models than K10, which may suggest a loss of virulence in MAP K10.  

Overall, the data presented has increased our understanding of MAP pathogenesis by 

emphasising the need for multicellular models which accurately represent the pathogen 

target cell type/s in vivo and the confirmation of the role of two hypothetical MAP proteins 

in cellular interactions. 
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Lay Abstract 
Mycobacterium avium ssp paratuberculosis (MAP) is a bacteria which causes Johne’s 

disease (JD) in cattle when it is consumed. JD is an infection of the gut, causing 

inflammation of the intestinal lining which can cause diarrhoea, reduced milk production 

and weight loss. This means that the infected animals will have a normal appetite but will 

continuously lose weight and appear emaciated. The thickened intestinal lining observed in 

infected animals shares a similar appearance to the intestine of patients with Crohn’s 

disease (CD), an inflammatory intestinal disease in humans. This similarity has led to the 

hypothesis that MAP may contribute to the onset of CD in humans and therefore pose a 

risk to public health.  

Cattle are most likely to be infected with MAP early in life, within the first 6 months. This 

typically occurs from contaminated milk or colostrum from a calf’s mother, or from contact 

with contaminated faeces. However, the signs of infection don’t appear until 2-5 years after 

the initial infection. While symptoms of the disease are not typically shown in this 5 year 

period, termed the subclinical period, the animal may have reduced milk production and 

continues to shed MAP in its faeces which can then infect other animals in the herd. This 

impacts animal welfare and causes a significant economic loss to the farmer, which is 

worsened by the requirement to cull every animal which is positively diagnosed for MAP 

infection.  

Animals are culled when positively diagnosed for MAP because there is no treatment for 

the bacterial infection. However, the diagnostic tests available for MAP are poor as they 

cannot reliably diagnose animals in the subclinical period. Many animals infected with MAP 

are not identified and remain in the herd, continuing to spread MAP in their faeces for 

several years. Our lack of understanding about the initial interaction between MAP and its 

animal host may contribute to the poor diagnostic and therapeutic tools that are currently 

available. By researching this initial interaction it is possible we may identify new 

therapeutic targets which allows a more specific diagnosis of MAP or prevent its infection.  

In this work I have studied both the bacteria and host cells. Proteins hypothesised to aid 

attachment to host cells were investigated for this function, as these are important for 

infection of the host. Novel mini-guts were also used to assess their suitability in further 

research studying MAP interaction with host cells. The mini-guts are better able to 
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represent a cattle intestine than previously used models, and therefore research conducted 

with the mini-guts is likely to be more relevant to a natural infection. Differences between 

strains of MAP and their ability to infect the mini-guts were identified which supports the 

premise that they can act as a suitable model for MAP infection. This is important as 

previously identified therapeutic targets have been unsuccessful when converting from a 

laboratory based setting to cattle. By using these cattle mini-guts more relevant candidate 

vaccines and novel therapies may be identified more quickly. 

 

 

 

  



ix 
 

Abbreviations 
µg micro gram 

µL micro litre 

µM micro metre 

µM micro Molar 

AGID agar gel immunodiffusion 

ANOVA analysis of variance 

ATP adenosine triphosphate 

BCG Bacille Calmette-Guérin  

bp base pair 

CD Crohn's disease 

cDNA complementary deoxy ribonucleic acid 

CFU colony forming units 

CM clinical mastitis 

DC dendritic cell 

DNA deoxy-ribonucleic acid 

DnaK 70 kilodalton heat shock protein 

DTH delayed-type hypersensitivity 

ELISA enzyme-linked immunosorbent assay 

ESCs embyonic stem cells 

FAE follicle associated epithelium 

FAP fibronectin attachment protein 

g gram 

GALT gut-associated lymphoid tissue 

GCN genome copy number 

gDNA genomic deoxy ribonucleic acid 

HBHA Heparin-binding haemagglutinin  

IBD inflammatory bowel disease 



x 
 

IF  Immunofluoresence 

iPSCs induced pluripotent stem cells 

IPTG Isopropyl ß-D-1-thiogalactopyranoside 

JD Johne's disease 

Kb kilo base 

kDa kilo dalton 

kg kilo gram 

LPS lipopolysaccharide 

m metre 

MAP Mycobacterium avium ssp paratuberculosis 

mce mammalian cell entry 

mL millitre 

MM mycomembrane 

mM milliMolar 

MOI multiplicity of Infection 

ng nanogram 

PCR polymerase chain reaction 

PFA paraformaldehyde 

PMA phorbol 12-myristate 13-acetate  

PP Peyer's Patch 

RANK-L receptor activator of nuclear factor kappa-B ligand 

RGD Arg-Gly-Asp 

RNA ribonucleic acid 

RT  room temperature 

RT-qPCR reverse transcriptase quantitaive-polymerase chain reaction 

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis 

SNP single nucleotide polymorphism 

TLR toll-like receptor 



xi 
 

tRNA transfer ribonucleic acid 

U/mL units/millilitre 

UC ulcerative colitis 

v/v volume/volume 

VE cell villus epithlial cell 

Sw/v weight/volume 

  

  



xii 
 

Contents 
Abbreviations ........................................................................................................................... ix 

List of Figures……………………………………………………………………………………………………………………xvii 

List of Tables……………………………………………………………………………………………………………………. .xx  

1 Introduction ..................................................................................................................... 1 

1.1 MAP as a Causative Agent of Johne’s Disease ......................................................... 1 

1.1.1 Johne’s Disease (JD) ......................................................................................... 1 

1.1.2 History and taxonomy of MAP ......................................................................... 2 

1.1.3 Transmission of JD ........................................................................................... 3 

1.2 The Bovine Intestine ................................................................................................ 4 

1.2.1 Cell lineages in the bovine intestine ................................................................ 6 

1.3 MAP Background ...................................................................................................... 8 

1.3.1 MAP strains ...................................................................................................... 8 

1.3.2 Growth characteristics ..................................................................................... 9 

1.4 MAP as a Zoonotic Agent ....................................................................................... 10 

1.5 Prevalence .............................................................................................................. 12 

1.6 Impact of JD ........................................................................................................... 12 

1.6.1 Economic Impact ............................................................................................ 12 

1.6.2 Increased susceptibility to other diseases ..................................................... 13 

1.7 Diagnostics ............................................................................................................. 14 

1.7.1 Direct detection methods .............................................................................. 15 

1.7.2 Indirect detection methods ........................................................................... 16 

1.8 Prevention Strategies ............................................................................................. 18 

1.8.1 Control Programs ........................................................................................... 18 

1.8.2 Breed susceptibility to JD ............................................................................... 20 

1.8.3 Vaccine development..................................................................................... 21 

1.8.4 Treatment of MAP infection .......................................................................... 24 

1.9 JD Pathogenesis ..................................................................................................... 24 

1.10 The Interaction between MAP and the Host ......................................................... 25 

1.10.1 Invasion of the intestinal lining ...................................................................... 25 

1.11 Host Response to MAP Infection ........................................................................... 27 

1.11.1 Initial macrophage infection .......................................................................... 27 

1.11.2 The T helper cell response ............................................................................. 29 



xiii 
 

1.11.3 Non-classical host response ........................................................................... 31 

1.11.4 Granuloma formation .................................................................................... 31 

1.12 Adhesins expressed by MAP .................................................................................. 32 

1.12.1 Fibronectin attachment protein .................................................................... 34 

1.12.2 The mammalian cell entry operons ............................................................... 34 

1.12.3 Redundancy of mce operons ......................................................................... 39 

1.13 Systems used to model MAP infection .................................................................. 40 

1.13.1 Bovine Intestinal Organoids ........................................................................... 41 

1.14 Aims & Objectives .................................................................................................. 42 

2 Materials and Methods .................................................................................................. 44 

2.1 Bacterial Cell Culture .............................................................................................. 44 

2.1.1 MAP Culture ................................................................................................... 44 

2.1.2 Resuscitation of MAP ..................................................................................... 44 

2.1.3 E. coli cell culture ........................................................................................... 44 

2.2 Genomic DNA isolation from MAP......................................................................... 44 

2.2.1 Preparation of samples for genomic DNA isolation ....................................... 44 

2.2.2 Genomic DNA extraction ............................................................................... 45 

2.3 Polymerase Chain Reaction (PCR) .......................................................................... 45 

2.3.1 Agarose gel electrophoresis ........................................................................... 45 

2.3.2 Taq Polymerase PCR....................................................................................... 45 

2.3.3 PCR product purification ................................................................................ 45 

2.3.4 PCR product digestion .................................................................................... 46 

2.4 Sample staining and imaging ................................................................................. 46 

2.4.1 Tissue embedding .......................................................................................... 46 

2.4.2 Preparation of matrix coated slides ............................................................... 46 

2.4.3 Immunostaining of samples ........................................................................... 46 

2.4.4 Periodic Acid Schiff (PAS) staining.................................................................. 47 

2.4.5 FITC-dextran assay ......................................................................................... 47 

2.5 RNA isolation and cDNA synthesis ......................................................................... 48 

2.5.1 Preparation of MAP culture for RNA extraction ............................................ 48 

2.5.2 Preparation of tissue for RNA extraction ....................................................... 48 

2.5.3 Preparation of enteroid models for RNA extraction ...................................... 48 

2.5.4 RNA extraction ............................................................................................... 49 

2.5.5 DNase treatment ............................................................................................ 49 



xiv 
 

2.5.6 cDNA synthesis ............................................................................................... 49 

2.6 qPCR Analysis ......................................................................................................... 49 

2.6.1 qPCR reaction ................................................................................................. 49 

2.6.2 RT-qPCR .......................................................................................................... 50 

2.6.3 qPCR of genomic DNA .................................................................................... 50 

3 Investigating the role of MAP mammalian cell entry (mce) genes in attachment and 

invasion of host cells .............................................................................................................. 51 

3.1 Introduction ........................................................................................................... 51 

3.1.1 Investigation of Mce Proteins in MAP............................................................ 51 

3.2 Aims and Objectives ............................................................................................... 52 

3.3 Materials and Methods .......................................................................................... 53 

3.3.1 Analysis of mce expression in MAP ................................................................ 53 

3.3.2 PCR amplification of mce genes from MAP ................................................... 53 

3.3.3 Generating an mce plasmid construct ........................................................... 54 

3.3.4 Protein Production ......................................................................................... 55 

3.3.5 Invasion Assays .............................................................................................. 58 

3.3.6 Statistical Analysis .......................................................................................... 60 

3.4 Results .................................................................................................................... 61 

3.4.1 Investigating the effect of environmental conditions on mce expression .... 61 

3.4.2 Generation of E. coli recombinants expressing Mce protein ......................... 70 

3.4.3 Assessing the viability of recombinant E. coli as Mce expression hosts for 

MAP Mce proteins ......................................................................................................... 81 

3.4.4 Investigating the function of MAP Mce proteins ........................................... 85 

3.5 Discussion and Conclusion ..................................................................................... 94 

4 Development of in vitro bovine intestinal models ......................................................... 97 

4.1 Introduction ........................................................................................................... 97 

4.1.1 The use of 3D organoid cultures .................................................................... 97 

4.1.2 Challenges facing organoid modelling host-pathogen interaction ................ 98 

4.2 Aims and Objectives ............................................................................................... 99 

4.3 Materials and Methods ........................................................................................ 100 

4.3.1 Generation and maintenance of bovine enteroids ...................................... 100 

4.3.2 Generation of a 2D monolayer .................................................................... 101 

4.3.3 Generation of 3D apical-out enteroids ........................................................ 102 

4.4 Results and Discussion ......................................................................................... 103 



xv 
 

4.4.1 Generation and maintenance of bovine enteroids ...................................... 103 

4.4.2 Characterisation of bovine enteroids using immunofluorescence staining 104 

4.4.3 Characterisation of bovine enteroids using RT-PCR .................................... 107 

4.4.4 Establishment of a bovine enteroid monolayer........................................... 112 

4.4.5 Establishment of apical-out 3D bovine enteroids ........................................ 131 

4.5 Conclusion ............................................................................................................ 140 

5 Modelling MAP infection of bovine enteroid models .................................................. 141 

5.1 Introduction ......................................................................................................... 141 

5.1.1 Differing virulence across strains of MAP .................................................... 141 

5.1.2 Responses of epithelial cells to MAP infection ............................................ 142 

5.1.3 Aims and objectives ..................................................................................... 143 

5.2 Materials and Methods ........................................................................................ 145 

5.2.1 Infection of 3D Basal-Out Enteroids............................................................. 145 

5.2.2 Infection of 2D Monolayers ......................................................................... 147 

5.2.3 Infection of Apical-Out Enteroids................................................................. 147 

5.2.4 Statistical analyses ....................................................................................... 148 

5.3 Results .................................................................................................................. 149 

5.3.1 Infection of 3D bovine enteroids with MAP ................................................ 149 

5.3.2 Effect of MAP infection on bovine enteroid gene expression ..................... 157 

5.3.3 Infection of 2D monolayers with MAP ......................................................... 171 

5.3.4 Infection of 3D apical-out enteroids with MAP ........................................... 176 

5.4 Conclusions .......................................................................................................... 180 

6 Modelling MAP infection of murine gut loops ............................................................. 183 

6.1 Introduction ......................................................................................................... 183 

6.1.1 Aims and objectives ..................................................................................... 184 

6.2 Materials and Methods ........................................................................................ 185 

6.2.1 MAP Strain Preparation ............................................................................... 185 

6.2.2 Murine Gut Loop Surgery ............................................................................. 185 

6.2.3 Mesenteric Lymph Node Sampling and Processing ..................................... 186 

6.3 Results and Discussion ......................................................................................... 187 

6.3.1 Infection of Peyer’s patches in murine gut loops ........................................ 187 

6.3.2 Analysing the ability of MAP to translocate across the murine intestine.... 189 

6.3.3 Using the murine gut loop model to understand MAP cell tropism ............ 191 

6.4 Discussion and Conclusion ................................................................................... 198 



xvi 
 

7 General Discussion ....................................................................................................... 200 

8 References ................................................................................................................... 205 

9 Appendices ................................................................................................................... 240 

 

  



xvii 
 

List of Figures 
Figure 1.1| A diagram to represent the morphology of the bovine intestine…………………....5  

Figure 1.2| A diagram to represent iron uptake mechanisms for M. tuberculosis……………10 

Figure 1.3| A Schematic to demonstrate MAP infection of the intestinal lining. ............... 25 

Figure 1.4| A schematic to represent the T helper immune response of the host to MAP 

infection. ................................................................................................................................ 30 

Figure 1.5| A schematic to demonstrate the arrangement of MAP mce operons. ............ 35 

Figure 3.1| Representative gel electrophoresis of MAP K10 cDNA samples to confirm the 

absence of genomic DNA from cultures in different growth phases. ................................. 62 

Figure 3.2| Regulation of MAP mce gene expression in exponential and stationary phases 

of growth.. ............................................................................................................................. 64 

Figure 3.3| Representative gel electrophoresis of MAP C49 cDNA samples to confirm the 

absence of genomic DNA from cultures exposed to pH 3.0 acidity. ................................... 66 

Figure 3.4| Regulation of MAP mce expression upon exposure to an acidic pH. ............... 68 

Figure 3.5| CFU/ml values of MAP cultured in acidic 7H9 media. ...................................... 68 

Figure 3.6| A schematic to demonstrate the cloning of a mce gene into a plasmid. ......... 71 

Figure 3.7| Representative gel electrophoresis demonstrating PCR amplification of mce 

genes. ..................................................................................................................................... 72 

Figure 3.8| A PCR Clone Screen of E. coli colonies for the presence of map1D. ................. 73 

Figure 3.9| Purified pET21b(+) vector containing map1D gene insert from transformed E. 

coli. ......................................................................................................................................... 74 

Figure 3.10| Clone screen of Rosetta2 transformants with vectors containing either 

mtb1A or map1D gene insert. ............................................................................................... 76 

Figure 3.11| Representative immunoblot analysis of purified Mce3C protein. ................. 80 

Figure 3.12| Growth curves of recombinant E. coli mutants upon induction of Mce protein 

expression.............................................................................................................................. 82 

Figure 3.13| Colony morphology of recombinant E. coli mutants post Mce protein 

expression.............................................................................................................................. 83 

Figure 3.14| Western blot of E. coli strains expressing Mce protein after subcellular 

fractionation. ......................................................................................................................... 84 

Figure 3.15| Attachment and survival of E. coli recombinants in MDBK cells. ................... 87 

Figure 3.16| IF staining of MDBK invasion assay with recombinant E. coli. ....................... 88 

Figure 3.17| Uptake and survival of recombinant E. coli by THP-1 cells. ............................ 90 

Figure 3.18| Confocal images of THP-1 cells infected by recombinant E. coli expressing 

Mce protein. .......................................................................................................................... 92 

Figure 4.1| Enteroids cultivated from bovine intestinal tissue and maintained with 

complete IntestiCult media................................................................................................. 104 

Figure 4.2| Enteroids stained for cell-type specific molecules and imaged using confocal 

microscopy.. ........................................................................................................................ 105 

Figure 4.3| Bovine intestinal tissue stained with antibodies to detect cell type specific 

molecules and imaged using confocal microscopy. ........................................................... 106 

Figure 4.4| RT-PCR of calf ileal tissue and bovine enteroids to detect transcripts of genes 

indicative of specific cell types. .......................................................................................... 109 



xviii 
 

Figure 4.5|RT-PCR of calf ileal tissue and bovine enteroids to detect transcripts of genes 

indicative of specific cell types.  ......................................................................................... 111 

Figure 4.6| A schematic to demonstrate the generation of 2D monolayers from 3D bovine 

enteroids. ............................................................................................................................. 112 

Figure 4.7| 2D epithelial monolayer optimisation. ............................................................ 114 

Figure 4.8| 2D monolayer seeded on collagen coated wells. ............................................ 115 

Figure 4.9| RT-PCR of 2D monolayers derived from 3D bovine enteroids to detect 

transcripts of cell markers indicative of specific cell types. .............................................. 117 

Figure 4.10| RT-PCR of 2D monolayers derived from freshly isolated intestinal crypts to 

detect transcripts of cell markers indicative of specific cell types. ................................... 119 

Figure 4.11| 2D epithelial monolayers derived from intestinal crypts maintain multiple 

cell lineages. ........................................................................................................................ 121 

Figure 4.12| 2D epithelial monolayers cultured on Matrigel matrix from intestinal crypts.

 ............................................................................................................................................. 123 

Figure 4.13| 2D epithelial monolayers cultured on collagen matrix from intestinal crypts.

 ............................................................................................................................................. 124 

Figure 4.14| RT-PCR of enteroid 2D monolayers to detect transcripts of cell markers 

indicative of specific cell types. .......................................................................................... 126 

Figure 4.15I IF staining for cell-type specific molecules in a passaged 2D monolayer. .... 128 

Figure 4.16| RT-PCR of 2D monolayer at passage 3 to detect transcripts of cell markers 

indicative of specific cell types. .......................................................................................... 129 

Figure 4.17| A schematic to represent the generation of apical-out 3D bovine enteroids

 ............................................................................................................................................. 132 

Figure 4.18| Generation of apical-out enteroids and establishment of tight-junction 

barrier. ................................................................................................................................. 133 

Figure 4.19| Apical-out bovine enteroids derived from fresh intestinal crypts show diverse 

intestinal epithelial cell lineages. ....................................................................................... 134 

Figure 4.20| Apical-out bovine enteroids derived from basal-out enteroids show diverse 

intestinal epithelial cell lineages. ....................................................................................... 136 

Figure 4.21| RT-PCR of apical-out enteroids generated from previously passaged 

enteroids and freshly isolated crypts to detect transcripts of cell markers indicative of 

specific cell types. ................................................................................................................ 138 

Figure 5.1| A schematic to show infection of sheared 3D enteroids. ............................... 146 

Figure 5.2| Quantitation of bovine and MAP cell number upon infection of 3D basal-out 

bovine enteroids. ................................................................................................................ 151 

Figure 5.3| IF staining of 3D basal-out enteroids infected with MAP. .............................. 154 

Figure 5.4| IF staining of enteroids infected with MAP and latex beads. ......................... 156 

Figure 5.5| RT-PCR of RNA isolated from 3D enteroids infected with MAP to confirm the 

absence of genomic DNA.  .................................................................................................. 158 

Figure 5.6| Agarose gel (1%) electrophoresis showing single PCR products for candidate 

reference genes. .................................................................................................................. 159 

Figure 5.7| RT-qPCR of pro-inflammatory cytokine mRNA expression from 3D basal-out 

enteroids in response to MAP infection. ............................................................................ 164 

Figure 5.8| RT-qPCR analysis of cytokine mRNA expression from 3D enteroids in response 

to MAP infection. ................................................................................................................ 167 



xix 
 

Figure 5.9| RT-qPCR analysis of tight-junction related Cldn16 in MAP infected 3D 

enteroids. ............................................................................................................................. 170 

Figure 5.10| Quantitation of bovine and MAP cell number upon infection of 2D intestinal 

bovine monolayers. ............................................................................................................. 173 

Figure 5.11| IF staining of 2D intestinal bovine monolayers infected with MAP. ............ 175 

Figure 5.12| Quantitation of bovine and MAP cell number upon infection of 3D apical-out 

enteroids. ............................................................................................................................. 177 

Figure 5.13| IF staining of apical-out 3D enteroids infected with MAP. ........................... 179 

Figure 6.1| Murine intestinal gut loop surgery. ................................................................. 187 

Figure 6.2| IF staining of M cells in a murine Peyer's patch. ............................................. 189 

Figure 6.3| IF staining of UEA-1 expressing cells and MAP in a murine intestine. ........... 192 

Figure 6.4| IF staining of Ki-67+ proliferative cells and MAP in a murine intestine. ........ 193 

Figure 6.5| IF staining of Muc2+ goblet cells and MAP in a murine intestine. ................. 194 

Figure 6.6| IF staining of Lyz1+ Paneth cells and MAP in a murine intestine. .................. 195 

Figure 6.7| IF staining of GP2+ M cells and MAP in a murine intestine ............................ 196 

Figure 6.8| Quantification of MAP C49 in mesenteric lymph nodes of infected C57 Bl6 

mice. .................................................................................................................................... 197 

 

  



xx 
 

List of Tables 
Table 3.1| Description of MAP mce genes to be investigated in this project. .................... 52 

Table 3.2| A table of the PCR efficiencies for all primers used in RT-qPCR analysis. ......... 62 

Table 3.3| A table to show the various conditions tested for optimal Mce protein 

expression.............................................................................................................................. 78 

Table 4.1| A table outlining the different 2D monolayers assessed for their ability to 

physiologically represent the bovine intestine. ................................................................. 131 

Table 5.1| BestKeeper analysis of 4 candidate reference genes across different infection 

conditions in 3 biological repeats. ...................................................................................... 160 

Table 5.2| A table of the PCR efficiencies for all primers used in qPCR analysis. ............. 161 

Table 6.1| Quantification of MAP C49_GFP strain in mesenteric lymph nodes of infected 

C57 Bl6 mice.. ...................................................................................................................... 190 

 



1 
 

1 Introduction 
1.1 MAP as a Causative Agent of Johne’s Disease 

1.1.1 Johne’s Disease (JD)  
Johne’s disease (JD) is a chronic granulomatous inflammatory disease of the intestine, 

affecting ruminants and wildlife species across the world. It is caused by infection with 

Mycobacterium avium ssp paratuberculosis (MAP). In cattle, JD can be separated into 3 main 

phases, early infection, subclinical infection and clinical disease (Subramanian et al., 2015).  

During the early infection animals do not exhibit any clinical signs of JD. This can be referred 

to as stage I and is typically found in young calves newly infected with MAP and many young 

adult cattle that were infected at a younger age but have yet to exhibit symptoms 

(Subramanian et al., 2015). The main diagnostic test for this stage of infection is post-mortem 

tissue culture. Stage II of JD is also known as the subclinical stage of infection. Animals are 

infected by MAP but are not yet exhibiting symptoms. The subclinical phase of infection can 

last 2-5 years and is characterised by lesion formation in the intestines of the infected 

animals. These animals may have detectable antibody responses or altered cellular responses 

and may have low intermittent shedding of MAP in their faeces. These animals may therefore 

be diagnosed using faecal culture or antibody ELISAs, but at this time in the infection period 

these diagnostic techniques will not detect all the infected animals due to their low sensitivity 

and the large diversity in host responses to MAP (Arsenault et al., 2014). It is estimated 

anywhere from 5-20% of these animals will progress to the third stage of JD, clinical disease 

(Arsenault et al., 2014; Lombard, 2011). This remains an under-estimation as undiagnosed 

infected subclinical animals may be removed from the herd prior to disease progression for 

other reasons, such as culling or selling due to under-performance. During stage III of JD the 

clinical signs of MAP infection are apparent in the animal several years after the initial 

infection. It is currently unclear what triggers this progression to clinical disease, but a break 

down in the protective host responses typically precludes this stage of infection. The first 

signs may include weight loss despite a normal appetite, a decrease in milk production and 

roughening of the coat. As the disease progresses chronic diarrhoea is common in cattle, but 

these signs are not necessarily specific only to JD and therefore animals may be misdiagnosed 

(Whittington & Sergeant, 2001). Lesions are often found in the terminal ileum of these 

animals and there is increased shedding of MAP in the faeces, in addition to changes in the 
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serum antibody response. These animals can be diagnosed with faecal culture, serum ELISA 

and several other diagnostic tests with a small chance these animals may be misidentified 

(discussed in section 1.7). Over the next few weeks as the disease progresses the animals 

health will deteriorate as they become emaciated, lethargic and weak. Swelling under the 

jaw may occur, known as “bottle jaw” or inter-mandibular oedema. MAP may disseminate 

through the tissues of animal, and while extra-intestinal lesions are rare they may occur in 

the liver and lymph nodes. These animals are often culled at this point or sent for slaughter, 

during which their carcasses may be rejected (discussed in section 1.6).  

Both sheep and cattle are susceptible to infection with MAP and it is important to consider 

sheep as a factor in the control of JD as the two animals often co-graze together and may 

share housing. Both animals show similar clinical signs of infection, with the distinction that 

sheep lack the watery diarrhoea until the end-stage of disease (Muskens et al., 2001).  

1.1.2 History and taxonomy of MAP 
MAP was first isolated in 1895 by Dr Heinrich Albert Johne, resulting in the name “Johne’s” 

disease. It is endemic to many countries, including Australia (Shephard et al., 2016), UK, US, 

Austria, France, Germany and Italy (Nielsen & Toft, 2008). MAP is a member of the 

Mycobacterium avium complex (MAC) in the genus Mycobacterium and the family 

Mycobacteriaceae, distinct to the Mycobacteria tuberculosis Complex (MTC or MTBC) MAC 

is composed of several species, M. maseillense, M. colombiense, M. timonense, M. 

intracellulare, M. ituriense, M. bouchedurhonense, and M. avium. M. avium consists of 4 

highly homologous sub-species; M. avium ssp avium, M. avium ssp hominissuis (MAH), M. 

avium ssp silvaticum and MAP (Henderson & Chapman, 2022). MAC species are often present 

in the environment and can be transmitted to humans by both bird and livestock species. 

Typically these species are opportunistic pathogens and require a debilitated host to cause 

disease.  

MAP is a Gram-positive, acid-fast staining, rod shaped bacterium 1-10 µm in length, and 

unlike other members of MAC, MAP is an obligate intracellular pathogen which cannot 

replicate in the environment like M. avium (Steinert et al., 1998) and requires 

supplementation with ferric mycobactin J for in vitro culture (Wang et al., 2016). The cell wall 

is thick and complex, containing many lipids which constitute up to 60% of the dry weight of 

the bacteria (Alonso-Hearn et al., 2017). This unique cell wall is responsible for several of the 
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properties which are characteristic of Mycobacterial species including acid-fast staining, 

resistance to multiple antibiotics and resistance to harsh environmental conditions such as 

low pH or extreme temperatures (Ghazaei, 2018). 

The cell envelope of mycobacteria is critical to mycobacterial physiology and is unique for 

the high abundance of lipids. An example of these lipids are mycolic acids which are very long 

chain fatty acids covalently linked to the cell wall polysaccharide, arabinogalactan, which is 

covalently linked to peptidoglycan (Alderwick et al., 2015). Although Mycobacteria are Gram-

positive, the cell envelope shares some similarities to Gram-negative bacteria as an outer 

membrane was demonstrated, termed the mycomembrane (MM) (Hoffmann et al., 2008). 

The exact composition of this MM is still to be determined, but the most recent model 

suggests an envelope of 3 separate phases. There is an outer layer, also known as the capsule, 

which contains mostly proteins with only a small trace of lipids (Daffé & Etienne, 1999), a cell 

wall containing the MM, arabinogalactan and peptidoglycan, and the plasma membrane 

(Chiaradia et al., 2017).  

1.1.3 Transmission of JD 
There are three main routes of infection by MAP: the faecal-oral route, congenital and 

through ingestion of contaminated milk and colostrum. Contaminated colostrum and milk 

fed to calves is thought to be a significant source of MAP infection (Ayele et al., 2005), as 

calves <6 months old are most at risk from infection (Larsen et al., 1975). This is likely due 

to many factors, not least being young calves have an undeveloped immune system with a 

more permeable intestine to allow the translocation of MAP across the intestinal lining 

(Bermudez et al., 2010). Adult cattle have also been shown to be infected with MAP, but 

this typically requires a higher dose for a prolonged period of time (Larsen et al., 1975).  

Intrauterine transmission is possible as MAP has been found in the reproductive organs of 

asymptomatic dams (Seitz et al., 1989). Congenital infection of a calf has been confirmed 

previously and was estimated to occur in 9% of cases with an asymptomatic dam and 39% of 

cases in a clinically infected dam (Whittington & Windsor, 2009). However, the significance 

of this infection route remains uncertain as these modes of infection occur typically in 

animals with advanced disease and a high level of prevalence within a herd (Windsor & 

Whittington, 2010). MAP has also been isolated from the sperm of infected bulls (Ayele et 

al., 2004; Khol et al., 2010) but the risk from these sources is considered minimal. 
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The primary source of MAP infection is from the faecal-oral route, either from contaminated 

teats, the soil, water or other surfaces (Sweeney, 1996). Wild ruminants (Motiwala et al., 

2004), rabbits (Judge et al., 2006), foxes and stoats can also become infected with MAP and 

become wild animal reservoirs of the bacteria (Corn et al., 2005). As MAP can be shed in the 

faeces of these animals and survive in the environment for prolonged periods of time, they 

represent an important hurdle to tackling JD. 

The most common method of introducing MAP to a dairy herd is through the purchase of 

infected but asymptomatic animals. These animals often test negative on faecal culture and 

serological tests (Sweeney, 1996), but can still shed MAP intermittently in their faeces, 

colostrum and milk over several years without showing clinical signs.  

As transmission of MAP occurs mainly via ingestion, it was first hypothesised that the tonsils 

were the primary route of entry (Payne & Rankin, 1961). A later study showed direct 

inoculation of the tonsillar crypts with MAP resulted in colonisation of the tonsils, duodenum, 

ileum and jejunum in addition to the ileal, jejunal and spiral colon lymph nodes (Waters et 

al., 2003). However, directly inoculating the ileum of calves in a surgical procedure also 

resulted in colonisation and the bacteria was shown to colonise the mesenteric lymph nodes 

within 1-2 hours post infection, indicating MAP can directly invade intestinal epithelia (Wu 

et al., 2007). This is further supported by other in vivo studies using a more clinically relevant 

dose compared to Payne et al., which suggest MAP uses the intestine as the primary point of 

entry for infection (Sweeney et al., 2006). Lesions indicative of MAP infection are mostly 

found in the distal ileum of the cattle intestine and several groups have hypothesised this 

area of the intestine is more permissive to infection by MAP than more proximal regions, 

such as the jejunum. In laboratory conducted experiments, there was no difference in the 

ability of MAP to infect different regions of the bovine intestine (Sweeney et al., 2006), and 

therefore the formation of lesions may be due to a differential host response between 

different regions of the small intestine.  

1.2 The Bovine Intestine 
Previous studies identifying vaccine or therapeutic targets for MAP through the use of in vitro 

cell line work or small animal in vivo studies have found limited functional translation to large 

animals (Ziegler et al., 2016). These methods have not been successful in identifying new 

therapeutic targets, possibly due to our lack of understanding of how the initial intestinal cell 
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type targeted by MAP has an impact on disease outcome. Therefore, using a system which 

contains multiple cell lineages is required for understanding disease outcome and is vital for 

future MAP research.  

The bovine intestine is a complex mucosal surface in direct contact with the external 

environment (Figure 1.1). The intestine functions to break down and absorb nutrients from 

food, act as a barrier to the external environment, secrete mucins and lubricating mucous, 

produce hormones and maintain a constant turnover of cells (Bjerknes & Cheng, 2006). The 

intestine is constantly exposed to pathogenic and non-pathogenic stimulants from the 

external environment. It maintains homeostasis through an appropriate immune response 

to these stimulants through the action of immune cells distributed through the gut associated 

lymphoid tissues (GALTs). These are in an immunologically hyporesponsive state to 

commensal bacteria to prevent hyper-inflammation of the intestine (Tanoue et al., 2010). 

Figure 1.1| A diagram to represent the morphology of the bovine intestine. Taken from 
Nickel et al., 1960. 

Peyer’s patches (PP) of the intestine are the main antigen sampling sites in the ruminant 

intestine. The duodenum and jejunum contain discrete PP which function as secondary 

lymphoid tissues involved with mucosal immune reactions, and there is a continuous PP from 

the terminal jejunum that extends through the ileum and into the caecum (Parsons et al., 

1989). The continuous PP is the primary lymphoid organ of B cell development in cattle, like 
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the bursa of Fabricius in birds (Parsons et al., 1989; Yasuda et al., 2006). This continuous PP 

involutes at puberty in cattle and sheep while the jejunal PP continues to function throughout 

the lifetime of the cow. Up to 5% of the B cells which have proliferated in the continuous PP 

survive and migrate from the ileal PP to populate peripheral B-cell compartments such as the 

ileal and jejunal mesenteric lymph nodes, the jejunal PP and the spleen (Yasuda et al., 2006).  

1.2.1 Cell lineages in the bovine intestine 
The small intestine has defined architecture consisting of highly vascularised crypt and villus 

regions with a variety of cell lineages present (Crosnier et al., 2006). These cell types arise 

from a common stem cell precursor in the base of the intestinal crypt (Bjerknes & Cheng, 

2006). As the different cell types mature and differentiate they will migrate to the tips of the 

villi where they are sloughed off into the lumen (Noah et al., 2011).  

The multiple cell types of the intestine contribute different functions to the intestinal barrier, 

including digestion and absorption of nutrients, secretory functions and reacting in an 

immunologically appropriate way to the constant foreign stimulation from commensal and 

pathogenic bacteria (Goto & Ivanov, 2013). As such, these cells are morphologically and 

phenotypically different, but work together as a complex epithelial barrier against the 

luminal contents. Disruption of this barrier results in abnormalities like inflammatory 

diseases, such as IBDs, infection and sepsis.  

Paneth cells reside at the base of intestinal crypts and are typically regarded as the intestinal 

epithelial cell with the greatest ability to produce antimicrobial peptides, as it produces the 

most abundant antimicrobial peptide in humans, -Defensin-5 (Ehmann et al., 2019), and 

lysozyme (Bel et al., 2017). In addition to its anti-microbial properties, Paneth cells express 

epidermal growth factor (EGF), Wnt3 and the Notch ligand delta-like 4 (Dll4) which aids the 

maintenance and proliferation of Lgr5+ stem cells at the base of the crypts. Disruption of 

Paneth cells results in pathologies such as IBD and infection (Cadwell et al., 2008). While this 

knowledge was gained from our understanding of human physiology, subtle differences have 

been found in other species. The exact expression of ligands and receptors, and their function 

in the intestine, is currently not known for the bovine intestine but is presumed to be similar.  

Tuft cells are present further along the villus, and can produce IL-25 and thymic stromal 

lymphopoietin (TSLP) in response to helminths, such as Tritrichomonas muris. This induces a 

Th2-type response which is anti-helminthic (Goto & Ivanov, 2013). Tuft cells have not yet 
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been characterised within the bovine host excluding Hamilton et al., 2018 demonstrating the 

expression of CD24 and low levels of IL-25 by 3D basal-out bovine enteroids.  

In mammalian species such as humans and mice, enterocytes make up majority of the 

intestinal cell types and aid the formation of the brush border through the formation of tight 

junctions (Turner, 2009). These cells produce the bactericidal lectin regenerating islet-

derived 3 (RegIII)γ which maintains physical space between microbe and host cell (Vaishnava 

et al., 2011). The bovine intestine is also known to be made up of mostly enterocytes, but 

the production of specific bactericidal lectins is not known.  

Goblet cells are mucus-producing cells which allow the epithelial layer to be covered with 

two layers of mucus, the thick inner and thin outer layer which was demonstrated using 

murine intestinal tissue (Johansson et al., 2011). Commensal bacteria can reside in the outer 

layer which acts as a physical barrier, but none is present in the inner layer (Hooper, 2009). 

These cells can produce antimicrobial compounds upon infection and are an important 

component in maintaining the intestinal barrier integrity. While this has not been shown for 

the bovine intestine, the detection of similar genes associated with goblet cells observed in 

murine and human models were detected in bovine enteroids by Hamilton et al., 2018. 

Enteroendocrine cells typically represent 1% of the cellular population and are thought to co-

ordinate the functions of the intestine, liver and pancreas (Haber et al., 2017). These cells 

release hormones in response to a variety of stimuli, such as 5HT production in response to 

short chain fatty acid stimulation. CHGA is typically highly expressed by these cells in murine 

and human species, which was observed to be similar for bovine enteroids (Hamilton et al., 

2018). 

M cells are specialised epithelial cells which overlie Peyer’s patches and lymphoid follicles. 

These cells have modified apical and basolateral surface to promote sampling of the luminal 

contents and delivering the sampled antigens to the sub-epithelial dome by transcytosis. This 

area is populated by dendritic cells and macrophages (Artis, 2008). Currently, the marker for 

bovine M cells is unknown and therefore our understanding of this cell type is based on 

murine and human research. 

All intestinal epithelial cell subtypes influence the microbiome homeostasis and the host 

response to commensal and pathogenic bacteria in the intestinal lumen. These subtypes 
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coordinate with each other in order to raise the appropriate host response to a threat, and 

to understand the influence a pathogen has on this organ it is necessary to incorporate the 

complex architecture and cell types of the intestine in experimental studies where possible.  

1.3 MAP Background 

1.3.1 MAP strains 
Historically MAP strains have been separated into 2 lineages depending on the host species 

they were originally isolated from (Collins et al., 1990). This has led to the formation of 2 

major groups, the Cattle-type (Type C) and the sheep-type (Type S) strains. Whole genome 

sequencing led to more complex nomenclature, including “intermediate strains”, Type II or 

Type III strains. Pulse-field gel electrophoresis has identified that Type C strains are 

synonymous with type II strains (Stevenson et al., 2002), and the intermediate strains 

synonymous with Type III strains (de Juan et al., 2005). Later, the Type I and III strains were 

confirmed to be sub-lineages of Type S strains (Stevenson, 2015). Other sub-lineages include 

the Bison Type (B-type) which is a Type C sub-type that can be identified with a C or T at base 

pair 223 in the insertion sequence IS1311 (Whittington, Marsh, et al., 2001). B-type strains 

have a T at this position, S-type strains have a C and C-type strains have one or more copies 

with a C or a T. Indian Bison type strains are different from the US bison type, and can be 

identified by a TG deletion at base pair 64 and 65 of IS1311 at locus 2.  

Type C strains are the predominant strain isolated from cattle, but do not show host 

specificity and have been isolated from both wild and domestic ruminants and non-

ruminants. It is very likely that Type C strains are able to be transmitted between host species 

(Fritsch et al., 2012) which is likely a contributing factor to disease prevalence on a farm.  

Type S strains have also been shown to induce clinical disease in experimental infections of 

cattle (Wilson Taylor, 1953) and deer (O’Brien et al., 2006), although Type C strains 

established infection in 100% of infected deer and the Type S strain in 69%. Natural infection 

of cattle (Whittington, Taragel, et al., 2001), deer (Verdugo et al., 2014) and Arabian camelids 

(Ghosh et al., 2012) have also been reported. While Type C strains are more common in farms 

across the world, there are several exceptions which may indicate it is the farming practice 

itself which dictates which strain is predominant in a ruminant herd, rather than the strain 

itself. For example, Type S strains are more frequent in New Zealand beef cattle than Type C 

strains, and these Type S strains were present in cattle and sheep co-grazing on farms 
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(Verdugo et al., 2014). In addition to this, sheep transported from Germany to Iceland were 

found to carry the Type S strain of MAP. This then spread to the local cattle population and 

became endemic (Fridriksdottir et al., 2000).  

1.3.2 Growth characteristics 
Interestingly, the growth rate of mycobacterial species are linked to its pathogenicity as slow-

growing species are considered to be more pathogenic than fast-growing species. MAP has 

one of the slowest growth rates among the pathogenic species, as it can take 4-6 weeks 

before colonies become visible in vitro for Type C strains (Stevenson, 2015). Type S strains, 

in addition to having a different colony pigmentation (yellow or orange) and disease 

presentation, can take 16 to 52 weeks before colonies are detectable (Stevenson et al., 2002). 

All MAP strains are cultured in vitro on media supplemented with the iron-binding 

siderophore Mycobactin J (Wang et al., 2016). This is unlike other Mycobacterial species 

which may use Mycobactin J as a siderophore for binding and uptake of iron in vivo, in 

addition to other mechanisms (Figure 1.2). However, several deletions in genes encoding the 

MAP mycobactin biosynthesis pathway (Wang et al., 2016) in addition to the lack of 

mycobactin identified in MAP infected tissues (Lambrecht & Collins, 1993), may indicate that 

there is an alternative iron uptake system used by MAP in an in vivo infection. Using 

transposon mutagenesis of MAP K10 in addition to the 5756 S strain, the large sequence 

polymporhism (LSPP) 15 gene MAP3776c, in addition to genes downstream of this, has been 

implicated in iron acquisition in MAP (Wang et al., 2016). The acquisition of the LSPP15 genes 

may have led to the loss in the Mycobactin J siderophore production by MAP, but the exact 

mechanism has yet to be understood.   
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Figure 1.2| A diagram to represent iron uptake mechanisms by M. tuberculosis. Taken 
from Hameed et al., 2015. 

While mutations have been shown to accumulate in the genome of sub-cultured MAP strains, 

the mutation rate of MAP is quite slow. This is in part due to its long generation time of 22-

26 hours (Bannantine et al., 2003) which may contribute to the high genomic homology 

between strains. The average mutation accumulation rate of MAP per year is 0.3 SNPs 

(Stevenson, 2015), which is similar to other Mycobacterial species such as M. tuberculosis 

(Bryant et al., 2013).  

1.4 MAP as a Zoonotic Agent 
There are multiple similarities in the manifestation of JD and the human gastrointestinal 

disease, Crohn’s disease (CD) (Feller et al., 2007), as both can cause symptoms such as 

diarrhoea and weight loss with similar granulomatous inflammation in the intestine. This led 

to the hypothesis that MAP infection may contribute to the onset of CD in some patients. 

Multiple studies have shown MAP DNA is detected at a higher prevalence in CD patients than 

in healthy individuals (Naser et al., 2009) or patients with ulcerative colitis (UC) (Feller et al., 

2007), and has also been identified in the intestinal tissue of CD patients (Yoshimura et al., 

1987). 
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MAP has been shown to be present in several retail products, the ingestion of which could 

provide a route of human infection (Botsaris et al., 2016; Millar et al., 1996). The ingestion of 

these products provides a possible route of infection and has caused several researchers to 

suggest MAP is a zoonotic agent capable of causing disease in humans, and therefore poses 

a public health threat.  

Further credence for the hypothesis that MAP may act as a risk factor or causative agent of 

CD comes from controlled clinical trials of antibiotic therapy for CD. Treatment with 

ciprofloxacin, metronidazole, rifamycin analogues, and clofazimine (Sechi & Dow, 2015) has 

shown some therapeutic benefit for CD patients. MAP has also been detected in non-CD 

patients which may indicate there is not as strong a link between MAP and CD as previously 

thought, or it has been thought of being a risk factor for several other chronic inflammatory 

syndromes (Sechi & Dow, 2015).  

Perhaps the strongest argument against MAP as a causative agent for CD comes from the 

Australian Trial (the Selby study) of anti-MAP antibiotics in CD patients (Selby et al., 2007). In 

this study, there was no therapeutic benefit to CD patients, although the doses used were 

lower than those currently in trial. Currently, the interpretation of the trials is that the 

treatment was beneficial in treating CD but was not curative.  

In addition, many of the studies investigating MAP DNA prevalence in CD patients were often 

small study sizes and methods used to detect MAP have been inconsistent between studies. 

The PCR used to detect MAP often uses primers designed against the IS900 element, thought 

to be specific for MAP, but this has recently been found to be present in environmental 

mycobacteria and therefore the assay may lack specificity. Other studies have found higher 

anti-MAP specific antibodies raised in CD than healthy controls, but these assays are often 

not standardised and do not show whether reliability and reproducibility tests have been 

done. Higher levels of anti-MAP antibodies have been detected in IBD patients also, but this 

could be due to multiple reasons; MAP infection occurs prior to the development of IBD and 

could be an aetiologic agent of IBD, there is a greater risk of MAP infection for patients 

suffering from IBD than healthy individuals, or IBD patients undergoing biological therapies 

may be at increased risk of developing MAP infection (Proietti et al., 2021). 
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1.5 Prevalence 
In order to develop effective control strategies against paratuberculosis, the prevalence of 

JD must be known. Paratuberculosis is now considered one of the most wide-spread chronic 

bacterial diseases in ruminants in agriculturally developed countries, but even now this is 

likely an underestimation. The lack of sensitivity in diagnostic tests makes it difficult to 

determine the true prevalence of infection due to false negative results (discussed in section 

1.7). Prevalence of paratuberculosis infection varies largely across the world, 7.8% of UK 

farms testing positive in raw bulk-tank milk by PCR, up to 68% of farms testing positive in the 

US (Garcia & Shalloo, 2015; Lombard et al., 2013; Rossi et al., 2017). Currently, estimates 

state over 50% of dairy cattle herds in both Europe and North America are infected (Nielsen 

& Toft, 2008). This variation could, in part, be attributed to the different diagnostic tests used, 

most of which have low sensitivity, and different study designs making comparison of the 

results difficult. In general countries with large dairy industries and larger dairy farms seem 

to be more likely to test positive for MAP (Behr & Collins, 2010; Hill et al., 2003), and dairy 

cattle are more likely to test positive than beef (Good et al., 2009; Raizman et al., 2011).  

The lack of treatment options for MAP means any animal found to be infected must be culled 

to prevent transmission. This is a main contributor to the economic cost associated with JD 

(Whittington et al., 2004), in addition to reduced carcass weight, reduced milk yield and 

increased susceptibility to other diseases.  

1.6 Impact of JD 

1.6.1 Economic Impact 
There have been multiple studies investigating the economic impact of MAP infection on the 

farming economy, with various outcomes being reported. The calculation of losses caused by 

MAP infection varies depending on the herd productivity of a farm and its management. 

Direct losses can be calculated from the loss in milk yield, reproductive losses, reduced feed 

conversion and increased susceptibility to other diseases. Indirect losses are caused by the 

premature culling of infected animals, increased veterinary care, herd replacement, 

diagnostic testing and the establishment of control programmes (Wells & Wagner, 2000). 

Farmers also must consider their reputation as MAP can remain present for several years, 

during which the farm reputation may suffer. 
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The estimation of cost caused by a sub-clinical animal is difficult to measure due to 

contradictory reports, the issues with diagnosing infected sub-clinical animals, and variations 

between regions and farms. This is especially true when trying to compare costs of MAP 

infection between countries as for example, dairy herd in France tend to be smaller in size 

(~40 cows) compared to other countries (Dufour et al., 2004), and therefore results obtained 

in this country may not be applicable to others. Various models which aim to calculate the 

economic factors of MAP infection become complicated. For example, Bennett et al., 2010 

incorporated the losses of MAP infection as lower output in milk yield or feed conversion 

plus the increased input from veterinary care. The presence of disease may also negatively 

affect the price of the animal at market. For this reason, researchers have used the term 

‘economic optimum level of disease and disease control’ (McInerney, 1996; Otte & Chilonda, 

2000). 

In the US MAP is considered endemic and costs $220 million per annum (Otte et al., 1999), 

although this estimate can be increased to $1.5 billion per annum when taking into account 

the damage to the agricultural industry as a whole (Stabel, 1998). While a study has not been 

conducted in the UK to estimate the cost to the economy, the effect of clinical 

Paratuberculosis on milk yield, slaughter weight and value has been investigated. In a meta-

analysis conducted by McAloon et al., 2016, 15 studies were analysed and a reduction in milk 

yield of 1.87kg/day (5.9% of yield) was associated with faecal positive or PCR positive 

individual cows (McAloon et al., 2016). However, as reviewed in (Garcia & Shalloo, 2015), 

other studies have recorded an increased milk yield for cattle in the subclinical phase of 

infection which then decreases during the clinical phase equating to no overall loss in milk 

yield of the infected animal (Rasmussen et al., 2021). 

In general, the more advanced the disease, the greater the loss in both weight and value of 

the cattle, with additional clinical signs such as oedema or enteritis further reducing the value 

of the carcass. The reduction in slaughter weight of infected cattle was calculated to be up 

to 31% and slaughter value reductions could reach 48% (Kudahl & Nielsen, 2009).  

1.6.2 Increased susceptibility to other diseases 
It has also been hypothesised that cattle infected with MAP have an increased susceptibility 

to other infections, due to reduced immunocompetence (Kreeger & Snider, 1992). The 

association between cellular immunity and the increased risk of secondary infections has 
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been previously described, and it hypothesises that a chronic infection can compromise the 

host immune response to another infectious agent (Kreeger & Snider, 1992). As the impact 

of JD on other diseases is not well understood many modelling studies which investigate the 

economics of disease control exclude this interaction (Dorshorst et al., 2006). 

However, one of the most common and costly problems in dairy farms is clinical mastitis 

(Rossi et al., 2017). Higher mastitis incidences and culling rates due to clinical mastitis (CM) 

have been found on JD positive farms (McNab et al., 1991), and so an association seems 

possible. This was further supported by a log-rank test showing the number of first CM 

infections in a MAP-positive population was 40% higher than expected in a survival analysis 

study (Rossi et al., 2017). Therefore, it was concluded infection with MAP may act as a risk 

factor for CM during lactation. However, other studies found MAP infection correlated with 

reduced prevalence of mastitis (Wilson et al., 1993) and therefore this association remains 

controversial. 

Other researchers have investigated co-infection of MAC-T cells with MAP and 

Staphylococcus aureus, Streptococcus agalactiae and E. coli. Prior infection with MAP was 

observed to increase S. aureus internalisation of the cells and thus may contribute to 

subclinical mastitis (Pena et al., 2020). Cells previously infected with MAP may be more 

resistant to infection with E. coli, but upon becoming infected E. coli rapidly translocated to 

the sub-epithelial region (Schwarz et al., 2020).  

1.7 Diagnostics  
Currently there is no cure for MAP infection, therefore its accurate diagnosis in early stages 

of disease is critical to limiting its transmission. The diagnostic tests available have various 

limitations, and are differentially used depending on whether the status of an individual 

animal or a whole herd is being tested. From the tests available, they are split into 2 broad 

groups; direct detection methods are those that detect MAP and include bacterial culture or 

PCR from a faecal sample, or indirect detection methods that measure the host response to 

MAP and include serum or milk enzyme-linked immunosorbent assay (ELISA), agar gel 

immunodiffusion (AGID) and complement fixation test (CFT). 
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1.7.1 Direct detection methods 
Bacterial culture of MAP from faeces is considered the gold standard diagnostic technique 

for an active MAP infection. Faecal culture can detect most of the animals in advanced stages 

of the disease due to the high level of bacterial shedding in their faeces (Collins, 1996). 

Bacterial culture can be used to distinguish MAP from other mycobacterial species, such as 

M. avium ssp avium and M. avium ssp silvaticum which cause avian tuberculosis and can 

infect ruminants. Infection with these pathogens can result in false positive test results using 

other diagnostic methods (Manning & Collins, 2001). However, as MAP requires mycobactin 

J in its media for growth in vitro and takes longer to culture than M. a. avium and M. a. 

silvaticum, it can be distinguished from these other bacteria (Manning & Collins, 2001).  

Limitations to using the bacterial culture method to diagnose MAP infection are mainly due 

to the long culture time and its inability to detect all subclinical animals which may shed MAP 

intermittently or below the level of detection (Nielsen & Toft, 2008). As MAP C strains can 

take up to 6 weeks before colonies form, the animal being tested may remain a source of 

infection for the rest of the herd (Lambrecht et al., 1988). The lag time caused by prolonged 

culture makes herd management ineffective as subclinical animals may act as a source of 

infection to the rest of the herd, in addition to increasing the likelihood of contamination of 

the culture (Clark et al., 2008). Overall, the estimated sensitivity of this test is between 30 

and 50%, with a specificity of 100% (Clark et al., 2008).  

Other properties that distinguish MAP from other mycobacterial species include genetic 

markers such as insertion sequences that are amplified using PCR, for example IS900. While 

it has been shown that other Mycobacterial species also produce a PCR product of the 

expected size, a restriction enzyme digest can be used to discern between these species and 

MAP (Khare et al., 2004). Other sequences present in MAP which can be used to distinguish 

it include the IS1311 (Whittington et al., 1998), all of which can be used for more rapid 

diagnosis of MAP compared to faecal culture. However, similarly to the bacterial culture 

method the PCR diagnostic method is more likely to diagnose animals in the later stages of 

the disease. Intermittent shedding of MAP in the faeces limits this method as it will not 

diagnose subclinical animals. 
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1.7.2 Indirect detection methods 
Serological tests have been utilised as herd screening tools and are more often used to detect 

subclinical disease. The classical host response is a strong cell-mediated immunity in the early 

subclinical stages of infection which progresses to a humoral response in the late stages of 

clinical disease. While the humoral response occurs later in infection, it can often be detected 

before clinical signs and may be more consistent than faecal shedding (Subramanian et al., 

2015).  

The CFT has been used for many years and works well to identify clinically suspect animals, 

but has reduced sensitivity compared to other tests such as ELISA (McNab et al., 1991). 

However, the sensitivity has been estimated at 10.8% in subclinical animals (Ferreira et al., 

2002) and therefore, CFT is not commonly used for control purposes or to test an animal 

prior to international movement.  

The AGID test detects host antibody response against the Protoplasmatic Paratuberculosis 

Antigen (PPA). Antigen is loaded into wells cut into agar, and the presence of precipitation 

lines in agar containing the antigen is a positive test result after >48 hours incubation 

(Ferreira et al., 2002). The AGID test has low sensitivity at 5-26.6%, while some studies have 

shown this sensitivity can increase to 57% this is not common. The specificity of this test is 

typically acceptable of a diagnostic method at 97.4-100%, but higher specificities are 

reported for other serological tests (Nielsen & Toft, 2008). 

Tests for cell-mediated responses to MAP are perhaps the most sought after method of 

detecting sub-clinical animals as this occurs in response to exposure to MAP, prior to 

detectable antibody production and clinical signs which occurs as infection progresses. 

Animals which may test negative using the other methods described here could respond 

positively to these tests. These tests include the interferon-gamma release assay (IGRA) 

(Gumber et al., 2006) and the delayed-type hypersensitivity (DTH) test (Kalis et al., 2002).  

Milk and serum ELISAs can be used to test for herd surveillance as they have a fast turn-

around time compared to faecal culture, are cost-effective and simple to use. ELISA tests use 

plates coated with MAP antigen to detect MAP-specific antibodies in bovine milk, serum or 

plasma and provide a conjugate antibody which is bound to a fluorophore. The conjugate 

binds to the primary antibody bound to MAP antigen to induce a change in optical density 

which can be read on a plate reader and compared to controls to indicate a positive reaction 
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to the presence of MAP antibodies in the sample. These tests have a greater sensitivity than 

the AGID test (Gumber et al., 2006; Kalis et al., 2002), but this sensitivity remains at 28-29% 

for infected sub-clinical animals (Collins et al., 2005). Therefore, ELISAs using different 

antigens are often investigated to increase the sensitivity and specificity of the test. In 

Sweden the main antigen used is lipoarabinomannan in their indirect ELISA, but Missouri, 

USA uses protoplasmic MAP antigens and France uses both protoplasmic MAP antigens and 

MAP extract (Subramanian et al., 2015). IGRA tests detect the release of IFN-γ from 

lymphocytes derived from serum of the animal in response to surface antigens expressed by 

MAP (Eda et al., 2006; Speer et al., 2006; Stabel, 1998).  

Vairation in antigens used for the ELISA tests causes variation in the interpretation criteria 

and the sensitivity and specificity of this test often varies (Kalis et al., 2002; Nielsen & Toft, 

2008). It is more extensively studied in cattle compared to goats and sheep, and so ovine 

MAP infection remains more difficult to accurately diagnose (Köhler et al., 2021). While a 

positive reaction does not necessarily mean a cow is infected, it is a good indication that the 

animal may start shedding soon (Nielsen & Toft, 2008). Typically, the further advanced the 

infection the more reliable the ELISA becomes (Collins et al., 2005). One of the main 

limitations of this technique is its dependence on a high-quality antigen generation. Johnin 

preparation from MAP has a variable proteomic composition which contains multiple 

common mycobacterial immunogenic proteins, which can result in false positive tests and 

low specificity (Wynne et al., 2012). 

Finally, the DTH test is a skin test which is a measure of cell-mediated immunity, but this test 

is rarely used. Intradermal inoculation of antigen into a clipped or shaven site is used, 

typically using avian PPD tuberculin or johnin, and the change in skin thickness is measured 

after 72 hours. Increases in skin thickness of over 2 mm is considered a positive DTH response 

for a specificity of 91.3%. Increasing the amount of thickness required for a positive diagnosis 

increases the specificity of the test i.e. a cut-off value of 3 mm increases the specificity to 

93.5%, but the effect this has on sensitivity is unknown (Kalis et al., 2002). Unfortunately, 

sensitisation to this test is common across ruminants as exposure of animals to other species 

in the MAC can result in a positive result but are not necessarily due to infection with MAP. 
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Currently, for correct diagnosis of MAP infection a two-step diagnosis process is often used. 

First, a good sensitivity method is used as a screening test and this is then followed by a highly 

specific assay as a confirmation test, typically faecal culture or PCR (Ferreira et al., 2002).  

1.8 Prevention Strategies 

1.8.1 Control Programs 
There is no treatment for JD, and the diagnostic methods are specific but with low sensitivity. 

The appearance of JD may not happen for several years due to the long subclinical nature of 

the disease (Whittington & Sergeant, 2001), and once MAP has entered a farm it is very 

difficult to eradicate. Therefore, prevention of MAP infection is the most attractive option to 

prevent JD. The control programmes are based on hygiene implementation to reduce 

transmission and infection surveillance to quickly identify and remove shedders from the 

herd (Pritchard et al., 2017). 

The main intervention strategy in dairy cattle is preventing calves from encountering MAP 

contaminated material. This includes feeding calves colostrum and milk imported from 

certified MAP-free farms, and avoiding contact of calves with adult cattle faeces to avoid 

faecal-oral transmission. To reduce the exposure of calves to MAP newborn calves may be 

separated from their dams shortly after birth (McKenna et al., 2006).  

Other risk factors that can be controlled, is the trading of livestock and their products. The 

most common method of introducing MAP to a farm is from the introduction of infected 

animals which are asymptomatic (Rangel et al., 2015). Because of this, many control 

programmes aim to prevent the introduction of infected animals to a farm (Kirkeby et al., 

2017). MAP herd-status certification that is representative of the risk of MAP by animals 

originating from that herd is necessary to control between-herd spread (Weber et al., 2004). 

The World Organisation for Animal Health (OIE) do not offer guidance on paratuberculosis 

(OIE, 2017), and therefore the International Association for Paratuberculosis provided 

guidelines for the movement of livestock according to the Sanitary and Phytosanitary (SPS) 

Agreement of the World Trade Organisation (WTO) (Kennedy et al., 2017).  

Increasing the testing of cattle on a farm with a known MAP presence can also reduce the 

further spread of MAP. Regularly testing cattle older than 36 months of age is the most 

appropriate time for effective diagnostic screens as this is the later stage of infection when 

shedding of MAP and seroconversion is likely to occur (Li et al., 2017). While these 
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programmes have helped to reduce the prevalence of MAP on dairy farms, they have not 

been successful at eliminating infection (Windsor & Whittington, 2010). This is likely linked 

to the low compliance by farmers with many of the bio-security measures (Wraight et al., 

2000) as these are often difficult and can be expensive or not feasible.  

Therefore, the test-and-cull strategy is widely used to reduce spread of disease by the culling 

of a positively identified infected animal as this has been shown to be effective at controlling 

MAP prevalence (Lu et al., 2008). Farms in New Zealand have used the test-and-cull method, 

coupled with protecting calves at pasture from coming into contact with MAP, to reduce 

seroprevalence from 26% to 2.3% in 3-4 years (Bates et al., 2019). However, this method 

alone will not eradicate MAP and the most effective methods of eradication include test-and-

cull with increased on-farm biosecurity, particularly reduced calf exposure. 

More recent infection trials have provided more knowledge on the age- and dose- dependent 

susceptibility to MAP infection. Calves up to a year old were still found to be vulnerable to 

infection, though a higher infectious dose was necessary and resulting lesions were less 

severe than calves inoculated with MAP at 2 weeks of age (Windsor & Whittington, 2010). 

This implies that control programmes should not just focus on reducing infection in the first 

6 months of a calf’s life. These studies found early diagnosis of MAP was theoretically possible 

and could improve control programmes, but as stated in the review by Windsor et al., 2010, 

this has not been established in the field. More effective diagnostic methods would be able 

to detect infected animals at an earlier stage of disease but to do this; specific markers of 

infection must be identified. 

Many countries employ such control strategies including Germany, Iceland, UK, Ireland and 

Australia. What has been observed from many of these countries is a significant reduction in 

the prevalence level of JD in a farm (<3%), but this is not a complete eradication. This is likely 

due to many strategies being successful in controlling the “one-to-many” infections which 

can result in an epidemic of JD, but the “one-to-one” infection caused by a subclinical 

infected dam passing MAP to an unborn foetus, also testing paratuberculosis negative, 

remain difficult to manage with the lack of a diagnostic test which can identify these animals. 

Alternatively, the host response to MAP infection is being investigated for its links to the host 

genetics. It is hoped that there could be genetic selection strategies to enhance the resistance 

of dairy cattle to JD (Kirkpatrick & Shook, 2011), but this is not yet extensively studied.  
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1.8.2 Breed susceptibility to JD 
Previous studies have shown calf-to-calf transmission can result in 50% of cases 

demonstrating a positive tissue culture result within 3 months (Corbett et al., 2017). 

However, even within endemic herds with routine exposure of calves to MAP only 5-20% of 

animals progress to clinical disease (Arsenault et al., 2014; Lombard, 2011) with some 

animals able to clear the infection within 28 weeks post inoculation (Stinson et al., 2018). 

Investigating the “resilient” animals exposed to MAP (Whittington et al., 2017) may offer an 

alternative to vaccine development which aims to prevent infection entirely. Previously, 

mostly anecdotal evidence has been recorded to propose some breeds of ruminants are 

more susceptible to MAP infection than others. The potential for variability in genetic 

susceptibility to MAP infection has been shown (Koets et al., 2000), but the use of genetic 

resistance or resilience to MAP as a control method against infection remains relatively 

unstudied. 

An objective study with controlled experimental infection trials to directly compare breed 

susceptibility in sheep was recently conducted in Australia, orally inoculating large groups of 

4 different breeds of sheep with MAP (Begg et al., 2017). In this experiment all of the sheep 

breeds were susceptible to infection, with at least 45% from each group shown to contain 

viable MAP in their tissues at necropsy 14 months post-infection. 42% of Merino sheep and 

36% of Suffolk first cross Merino sheep developed clinical disease, whereas only 12% of 

Border Leicester and 11% of Poll Dorset breeds did. This difference in susceptibility to MAP 

infection between breeds was also consistent with the appearance of weight loss in the 

animals. Identification of MAP infected animals by visual assessment was not possible for the 

Poll Dorset breed, despite losing >10% of its body weight in less than a month. In addition, 

the Poll Dorset and Border Leicester breeds displayed these clinical signs at ~14 months post 

infection, 2 months later than the Merino and Sulfolk x Merino breeds. It was hypothesised 

that given more time for disease to progress, more of the Border Leicester and Poll Dorset 

sheep would have developed disease. While there seems to be a clear breed difference 

among these sheep, it is worth noting that while the Merino sheep were predominantly 

males, the Border Leicester and Poll Dorset sheep were predominantly females due to a 

supply issue. Therefore, this may reflect a sex difference in MAP susceptibility rather than a 

breed difference. Other studies show different sheep breeds vary in the amount of serum 

antibody they produce in response to MAP exposure, but it is difficult to determine if these 
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differences were due to antibody production, stage of disease or response to infection 

(Mortensen et al., 2004; Sorge et al., 2011).   

A survey conducted in Canada investigated the likelihood that Channel Island breeds of cattle 

were more likely to test positive in the ParaTB milk ELISA test than other dairy breeds (Sorge 

et al., 2011). This study focussed on the monitoring of several different herds for the 

presence of MAP infection using the ParaTB milk ELISA test. Overall, 2.4, 2.0, and 0.7% of 

Guernsey, Jersey, and Holstein cows, respectively were strongly positive for MAP, classified 

as an OD ≥1.0, whereas none of the Ayrshire, Brown Swiss, or Milking Shorthorn cows were 

strongly MAP positive. From this data, the group concluded Guernsey cattle are more likely 

to test positive for MAP than all other breeds, Jersey cows are more likely to test positive 

than Holstein cows and Brown Swiss cows were the least likely to test Map positive. From 

this, it could be hypothesised that Brown Swiss and Guernsey cattle are more or less resistant 

to MAP infection respectively, which is supported by similar findings from other groups using 

the ParaTB milk ELISA test to monitor infection in England (Çetinkaya et al., 1997). However, 

it’s important to consider that this test has a sensitivity of 28.9% and a relative specificity of 

99.7%, which means that not every MAP infected animal would have been detected using 

this method and therefore the differences identified between breeds may not be 

representative of the true bacterial burden. 

1.8.3 Vaccine development 
One of the key methods which have been used to prevent infection from other pathogens 

and improve the human and animal quality of life is from vaccination strategies. A single 

protein may not be sufficient for an effective vaccine due to an insufficient immune-priming 

response which has led to the continuation in use of whole cell lysate as vaccines (Patton, 

2011). These are advantageous as a significant immune response is raised in the animal 

against the lysate, which could confer some protection to the animal upon infection with 

MAP. However, this is disadvantageous as the use of whole cell lysate results in more severe 

side effects such as granuloma formation at the site of injection and seroconversion in 

diagnostic tests so vaccinated animals are not distinguishable from infected animals.  

Inactivated MAP vaccines have been shown to reduce faecal shedding and tissue 

colonisation, but they do not result in clearance from infection or prevent it (Kalis et al., 
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2001). This results in a very low level use of the only licensed vaccine for JD in the US, the 

Mycopar vaccine (Boehringer, Ingelheim, Ridgefield, CT, USA) (Patton, 2011).  

Like other MAP vaccines, Mycopar is a whole cell inactivated bacterium which is suspended 

in an oil adjuvant. Other vaccines available internationally include Gudair (Zoetis, Inc.) and 

Silirum (Pfizer) which are heat inactivated strain 316F for ovine paratuberculosis and a heat 

killed strain of MAP for bovine paratuberculosis respectively (Reddacliff et al., 2006; Stringer 

et al., 2013). None of these vaccines confer a protective immune response in ruminants, and 

granulomas or lesions often form at the site of injection (Patton, 2011). In addition, further 

complications from vaccination against MAP is the cross reactivity these vaccines have with 

the DTH skin test for bovine tuberculosis, a notifiable disease (Coad et al., 2013). As the status 

of vaccinated animals cannot be differentiated from infected, this limits the usefulness of the 

current vaccines.  

Because of the complications with MAP vaccination, the US has limited use of Mycopar to 

herds with a high MAP prevalence or those with limited financial resources that cannot meet 

the JD control programme requirements (Lamont et al., 2014). Despite the issues 

surrounding the current MAP vaccines, several studies have indicated that vaccination is 

necessary in conjunction with the various control programmes to prevent JD (Lu et al., 2013). 

Indeed, the countries with the lowest or no presence of JD have incorporated the vaccine as 

a key element in the control of the disease. Australia, Iceland and Spanish sheep industries 

have used vaccination to significantly reduce within-herd prevalence (Dhand et al., 2016; 

Fridriksdottir et al., 2000). Vaccination with Gudair reduced prevalence from 7.64% to 0.12% 

in flocks of sheep after 10 years, although 37.5% of the flocks remained infected in Australia 

(Dhand et al., 2016). Iceland in particular demonstrates that the culling of infected sheep, 

restriction of movement of sheep from endemic areas and the use of serological tests are 

not enough to eradicate disease. It was only after vaccination that mortality reduced in sheep 

by 94% (Fridriksdottir et al., 2000). Overall, vaccination has delayed the onset of clinical 

disease, reduced faecal shedding, and reduced the economic losses and transmission of MAP 

(Groenendaal et al., 2015).  

Through stochastic modelling, Lu et al. showed that the vaccination of animals could reduce 

MAP prevalence to 0.19 after 10 years, although a <0.15 chance remains that MAP would 

persist due to vertical transmission (Lu et al., 2013). This further emphasises the need to 
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combat JD in multiple ways, including vaccination, bio-security measures and control 

programmes that include the removal of infected animals.   

The “Johne’s Disease Integrated Programme” (JDIP) vaccine project administered a three-

phase vaccine candidate in blinded studies investigating transposon mutant strains as 

vaccine candidates. 22 MAP mutants were investigated which carried deletions at critical 

housekeeping or virulence genes to assess attenuation in a bovine monocyte-derived 

macrophage (MDM) model. However, a mixed model approach identified 6 mutants as being 

attenuated, but upon enrolling these mutants in murine and goat kid vaccination models 

there was no identified protection (Lamont et al., 2014). Therefore, there is a need for 

alternative vaccine screening strategies and current investigations into vaccines which confer 

protective immunity and prevent infection are still in process (Bannantine et al., 2014; 

Thukral et al., 2020). It is likely that vaccines against MAP will use strategies that involve 

presenting MAP to the immune system in an unnatural way, possibly by the addition of 

foreign genes such as listeriolysin (Grode et al., 2005); using a Salmonella backbone to 

present MAP antigens (Faisal et al., 2013); or through recombinant MAP proteins and DNA 

constructs (Kadam et al., 2009).  

It has been hypothesised that DNA vaccines may be used to generate a protective Th1 

response (Park et al., 2008). This was first shown using four recombinant antigens (85A, 85B, 

superoxide dismutase and a fusion polypeptide [Map74F]) which reduced but did not 

eradicate MAP colonisation in goat challenge models (Kathaperumal et al., 2009). To this end, 

a group generated a genomic DNA library of protective DNA sequences which was divided 

into pools of ~1500 clones/pool which were the used to immunise mice which were 

subsequently challenged with MAP (Huntley et al., 2005). Several pools were identified as 

causing a significant reduction in the amount of MAP isolated from the murine tissues. 

Comparison of these pools allowed the identification of 26 antigens that could generate a 

protective response in mice. Of these, 2 antigens were genes in the Mce operon (MAP2191, 

MAP2192) and 7 other genes encoding membrane proteins (MAP1239c, MAP1493c, 

MAP1912, MAP2239, MAP3049c, MAP3131 and MAP3171c). Therefore, it is possible that a 

combination of these surface expressed proteins are capable of producing a protective 

response in vaccinated animals.  
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1.8.4 Treatment of MAP infection 
While uncommon, it is possible to treat MAP infection in the case of a human or companion 

animal becoming infected. These are both rare occurrences, and require a long regime of 

antibiotic treatment. Antimicrobials which have been assessed for treatment of MAP include 

isoniazid, rifampin, streptomycin, amikacin, clofazimine and dapsone. Daily treatment over 

several months results in palliative care rather than curative treatment of the affected animal 

(St Jean, 1996). In this way, faecal shedding is reduced and clinical signs of the disease lessen, 

but MAP may remain detectable in the tissue of the animal. The various antimicrobials used 

against Mycobacterial species are able to penetrate eukaryotic cells which is necessary due 

to the intracellular nature of the bacteria. However, as the withdrawal time of these drugs 

from animal tissues is not known, if a ruminant has been treated its identity must be carefully 

monitored and it can no longer be used for meat or milk intended for human consumption.  

1.9 JD Pathogenesis  
There are several stages to MAP infection which begin upon ingestion of the pathogen. MAP 

travels to the small intestine of the host where it comes into contact with the 

mucosa (Sigurardóttir et al., 2004). Here, it can attach to the intestinal lining and translocate 

across the intestinal barrier by attaching and invading specific cell types (Figure 1.3) (section 

1.10). MAP has also been shown to affect the formation of tight junctions in tissue culture 

experiments, providing an alternative mechanism of crossing the intestine by increasing 

permeability (Bannantine & Bermudez, 2013; Khare et al., 2016).  Upon translocating across 

the intestine, MAP is phagocytosed by immune cells including macrophages and dendritic 

cells where it can survive and replicate (Figure 1.3). MAP promotes a pro-inflammatory 

response which aids the recruitment of other immune cells to enhance the infection at the 

intestine (Sweeney, 2011). After several weeks or months, the continuous host cellular 

response leads to the formation of lesions which cause the thick corrugated appearance of 

the intestinal wall and inflamed lymph nodes. A cell-mediated response can be mounted 

against MAP, which the bacteria is typically able to resist, and after several months there 

could be intermittent shedding of MAP into the faeces as MAP is shed into the intestinal 

mucosa. Over time, the infection may resolve spontaneously as the animal effectively 

controls MAP replication, or the animal may remain infected sub-clinically without the 

disease progressing further (Stinson et al., 2018). It is only a subset of animals which progress 

to clinical disease where MAP disseminates to distal sites in the animal. A non-protective 
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humoral response is then mounted by the host and the cell-mediated response declines. 

MAP shedding in the faeces increases due to the extensive multi-bacillary lesions in the 

intestine. The inflammation thickens the intestinal lining and reduces the feed-to-nutrient 

conversion. This results in the appearance of clinical signs such as loss of body condition and 

chronic diarrhoea before eventually causing the death of the animal (Whitlock & Buergelt, 

1996). 

Figure 1.3| A Schematic to demonstrate MAP infection of the intestinal lining. The 
intestinal lining is made up of multiple mature epithelial cell types. While the exact 
composition of each epithelial sub type has not been quantified for the bovine host, these 
proportions have been well characterised for mice for which it’s hypothesised to be similar. 
In mice, the intestinal lining is made up of 6-16 Stem cells residing at the base of the 
intestinal crypt (Snippert et al., 2010), enterocytes (80% (Barbara et al., 2008)), goblet cells 
(ranging from 4% in the duodenum and increasing towards the colon to reach 16% of cells in 
the distal colon (Kim et al., 2010)), Paneth cells (ranging from 6-18 Paneth cells per crypt 
(Nakamura et al., 2020), increasing from the proximal to distal small intestine), 
enteroendocrine cells (1% (Barbara et al., 2008)) and tuft cells (0.4% (Gerbe et al., 2012)).  

1.10  The Interaction between MAP and the Host 

1.10.1 Invasion of the intestinal lining  
Once MAP has been ingested by an animal and reaches the intestine, it targets and infects 

multiple cell types including Microfold (M) cells (Momotani et al., 1988), enterocytes 

(Bermudez et al., 2010) and goblet cells (Schleig et al., 2005) (Figure 1.3). There have been 
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several discussions over the importance of the initial cell type targeted by MAP and how this 

may influence the outcome of infection. Several studies have emphasised the role of M cells 

in the uptake of MAP, citing that these cell types are responsible for a greater uptake of MAP 

than other cells. M cells are antigen sampling cells of the intestine, overlying the gut-

associated lymphoid tissue (GALT) of the intestine known as Peyer’s patches. M cells are 

targeted by multiple other enteropathogenic bacteria by adhesins expressed on their 

surface, including FimH expressed by Escherichia coli and Salmonella which binds to GP2 

(Wang et al., 2015). For this reason. It is likely that MAP acts as other enteroinvasive species 

and targets these cell types as a way to translocate across the intestinal epithelial barrier. 

This is supported by research which has shown MAP can target β1 integrins expressed in a 

high abundance on the surface of M cells through a fibronectin attachment protein (FAP) 

(Secott et al., 2004)(Section 1.12.1). Other studies have clearly shown that MAP gains entry 

to the follicle associated epithelium (FAE) by binding to M cells using electron microscopy 

(Momotani et al., 1988).  

However, MAP can attach and invade not just M cells, but also enterocytes (Bannantine et 

al., 2003; Bermudez et al., 2010) and goblet cells (Schleig et al., 2005). Goblet cells have been 

shown to be susceptible to MAP infection using explant cultures of bovine intestinal tissue 

(Schleig et al., 2005), but the significance of this on the outcome of infection has yet to be 

established.  

Experimental infection studies have indicated MAP invades the intestinal barrier very quickly 

in an in vivo model, within 30 minutes (Khare et al., 2009). It’s very likely that enterocytes are 

involved in this process as the human intestinal cell line, m-ICcl2, was shown to reproduce this 

rapid internalisation time and allow MAP to accumulate in the late endosomal compartment 

(Pott et al., 2009). After attaching to mucosal epithelial cells, the secretion of MAP3985 is 

triggered by an oxidoreductase gene which initiates the uptake of MAP by cytoskeletal 

rearrangement (Alonso-Hearn et al., 2008).  

Upon exposure to epithelial cells, MAP activates the host cells to be internalised (Pott et al., 

2009). This method of translocation was shown to be actin-dependent as MAP is present in 

actin-enriched cellular compartments, but the exact method of internalisation remains 

unknown. After cell infection MAP can then translocate to the submucosa where it is ingested 

by macrophages where it can replicate (Arsenault et al., 2014). 
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1.11  Host Response to MAP Infection 
The low percentage of cattle which go on to shown signs of clinical disease is likely a reflection 

of host genetics, infectious dose, duration of exposure, strain of MAP and environmental 

conditions. The intestinal epithelial response to MAP is limited as these cells typically 

promote a tolerant environment in the intestine to maintain homeostasis between the host 

and the exposure to commensal microorganisms (Artis, 2008). However, as the first contact 

between the host and the external environment, intestinal epithelial cells can influence the 

host response to a pathogen by secretion of cytokines such as TGFβ (Dignass & Podolsky, 

1993), which can have a direct impact on the recruitment of DCs and macrophages, and their 

expression of cytokines. Intestinal epithelial cells can also secrete B cell activating factors 

which can have a further impact on the host adaptive immune response to infection (Artis, 

2008). This therefore provides a premise to investigate the initial host-pathogen interaction 

due to these downstream effects.  

1.11.1 Initial macrophage infection  
The host immune response to MAP is complex due to the multiple cell types activated by 

MAP which produce a multitude of cytokines and co-stimulatory molecules depending on the 

stage of infection. Macrophages in the sub-epithelial space have multiple pattern recognition 

receptors (PRRs) for mycobacteria; the complement receptors (CR1, CR3 and CR4), the 

immunoglobulin receptors (FcR), the mannose receptor and scavenger receptors (Arsenault 

et al., 2014). Depending on the receptor used and route of entry, the outcome of 

mycobacterial infection can vary due to the unique pattern of cytokine secretion induced and 

the downstream host response to them. When fully activated, macrophages are able to 

mount successful microbicidal responses against MAP infection but, like other mycobacteria, 

MAP has evolved several mechanisms which allow it to evade macrophage mediated killing, 

as outlined below.  

Perhaps the most critical stage of macrophage infection occurs immediately after MAP has 

entered the macrophage. Typically, macrophages induce phagolysosome fusion of pathogen-

containing phagosomes. Acidification of the phagosome is induced by actively importing H+ 

protons using a V-ATPase to form a late phagosome. Fusion of the phagosome with 

lysosomes forms phagolysosomes which can chemically break down the internalised 

pathogen. Mycobacterial species inhibit phagosome maturation to prevent acidification and 

maintain a high pH in the vacuole. This is an active process by MAP and requires the bacteria 
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to be alive, as dead MAP does not block endosomal maturation (Cheville et al., 2001). MAP 

has multiple processes which inhibit the phagolysosome acidification including disrupting the 

phagosome membranes and secretion of the SapM alkaline phosphatase which hydrolyses 

phosphatidylinositol 2-phosphate (PI3P) which prevents the acquisition of lysosomes (Vergne 

et al., 2005) in addition to the lack of ATPase acquisition (Sturgill-Koszycki et al., 1994).  

Other mechanisms employed by MAP which prevent its immediate destruction by 

macrophages, and allowing the onset of a chronic infection, is blocking the PRRs to prevent 

a protective host response. PRRs are activated by the binding of pathogen associated 

molecular patterns (PAMPs). Toll-like receptors (TLRs) represent a major category of PRRs 

which are involved in phagosome maturation in addition to initiating various cytokine 

responses. People with mutations in TLRs are more susceptible to mycobacterial infection, 

but the function of individual TLRs to mycobacteria is dynamic. Activation of TLR9, which 

binds to microbial DNA, increases anti-Mycobacterial responses (Bafica et al., 2005). In 

contrast, activation of TLR2 may be beneficial to M. tuberculosis as it can be activated by 

Mannosylated lipoarabinomannan resulting in increased IL-10 expression which suppresses 

other pro-inflammatory signals (Noss et al., 2001). Other studies have shown pre-treatment 

of bovine macrophages with anti-TLR2 antibodies reverses many of the effects MAP has on 

macrophage response, such as increasing phagosome acidification and killing of MAP, but did 

not prevent M. avium infection (Weiss et al., 2008). The effects of TLR signalling are often 

dynamic and may differ between Mycobacterial species and TLR, as studies have shown 

mutations in these PRRs in cattle has also been linked to increased susceptibility to MAP 

infection (Mucha et al., 2009). 

Other immediate responses MAP can have on macrophages include increased IFN-γ 

production which occurs in the subclinical phase of infection with MAP (Coussens et al., 

2004). This is assumed a protective response as mice deficient in IFN-γ are more susceptible 

to intracellular infection by M. tuberculosis (Cooper et al., 1993) and subclinical cattle 

produce higher levels of IFN-γ compared to clinically infected animals (Sweeney et al., 1998). 

Other mechanisms employed by MAP include interfering with macrophage apoptosis (Kabara 

& Coussens, 2012) and the limited production of reactive oxygen and nitrogen intermediates 

(ROIs and RNIs respectively) (Zhao et al., 1997). However, the role of the latter species in 

controlling MAP infection is often debated. The lack of ROI and RNI species may indicate the 
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host does not produce these or they are ineffective, or MAP actively reduces their production 

as they would be effective at controlling MAP infection if they were present.  

1.11.2 The T helper cell response 
Upon the initial infection of MAP in the ruminant host, a cell mediated CD4 T cell response is 

mounted against the bacteria. This typically includes the production of IFN-γ as part of the 

Th1 response, which is considered to be protective as animals with a Th1 dominant response 

exhibit fewer multibacillary lesions (Begg et al., 2011) and IFN-γ can induce intracellular killing 

of MAP by macrophages (Hostetter et al., 2002). Over time, the Th1 response switches to an 

ineffective Th2 response as the humoral response becomes dominant. This switch occurs as 

the disease progresses and multi-bacillary lesions form, clinical signs begin to show and MAP 

is increasingly shed in the faeces. A Th2 response is measured by anti-MAP IgG1 antibodies 

which is driven by IL-4 or IL-10 producing CD4 T cells (Begg et al., 2011). High levels of these 

antibodies are not protective as these coincide with disease progression. This switch from 

the Th1 dominant to a Th2 dominant immune response is the “classical” switch profile.  

Th1 and Th2 cells are subsets of CD4 T helper cells, and the generation of a particular subset 

is defined by the transcription factors that drive their development. If naïve CD4 T cells are 

stimulated with IL-12, IFN-γ and a strong antigenic stimulation, there is an upregulation of 

the T-bet transcription factor which drives differentiation into Th1 effector cells. If naïve CD4 

T cells are stimulated with IL-4 and weak antigenic stimulation, the GATA-3 transcription 

factor is upregulated which drives differentiation into Th2 effector cells (Chakir et al., 2003). 

These differentiated T cell subpopulations then produce their own cytokines which then 

inhibit the differentiation of CD4 T cells into the other subtype. Th1 cells produce IFN-γ and 

TNF-α which are pro-inflammatory and can induce macrophage killing of extracellular 

bacteria. Th2 cells produce IL-4, IL-5, IL-10 and IL-23, which induce B cell production of anti-

MAP antibodies (Rincón & Flavell, 1997).  

The mechanism and cause of this shift in immune response is not well characterised. Using a 

mathematical model, it was shown that an accumulation of persistent extracellular MAP 

could trigger a greater antibody response, leading to the Th2 dominant response later in 

infection (Magombedze et al., 2014). Other theories for the loss in protective Th1 response 

suggest that the Th1 response could also become exhausted over time such that it no longer 

inhibits the Th2 response (Figure 1.4). 
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Figure 1.4| A schematic to represent the T helper immune response of the host to MAP 
infection. Adapted from Hussain et al., 2016. 

This classical switch profile was assumed due to the investigation of animals with 

multibacillary lesions demonstrating a Th2 dominant response, and animals with an earlier 

subclinical phase of infection demonstrating paucibacillary lesions expressing a Th1 

dominant response. Therefore, it was hypothesised that at some point a switch occurs as 

disease progresses. However, this late antibody detection was likely linked to the use of less 

sensitive assays such as the complement fixation test of AGID. More recently developed 

ELISA tests are more sensitive and able to detect antibody production sooner than AGID 

(Robbe-Austerman et al., 2006). In experimentally infected animals anti-MAP antibody 

production was shown to occur early after inoculating the animal with MAP and continued 
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throughout until the onset of clinical signs. Therefore, there is some discussion over the role 

of anti-MAP antibodies in protective host response for the control of mycobacterial disease 

(Abebe & Bjune, 2009). 

1.11.3 Non-classical host response 
While the classical Th1/Th2 response has aided the identification of immune responses which 

are both detrimental and beneficial to the host during a MAP infection, further investigation 

showed that only 39-50% of infected sheep may show this response (Begg et al., 2011; 

Magombedze et al., 2014). Other immune profiles of experimentally infected animals 

showed a combined response of both antibody and IFN-γ production (Lybeck et al., 2011; 

Waters et al., 2003), and a third immune profile demonstrated sheep producing only IFN-γ 

over the course of 19 months, and no antibody production (Begg et al., 2011). Therefore, it 

is likely that the host response to MAP infection is a complex and dynamic process. 

More recent research has investigated non-classical cytokine responses to MAP that occur 

during the initial infection. Inflammatory lesions have been observed in infected animals with 

a loss in their IFN-γ production, and therefore there must be other cell signalling molecules 

causing this inflammation (Roussey et al., 2016). The inconsistency between inflammatory 

lesion formation and IFN-γ indicated that the classical Th1 responses may not explain the 

entire host response to MAP (DeKuiper & Coussens, 2019a). A role for Th17 cells in response 

to MAP infection and development of clinical JD has been implicated, but the exact 

mechanism is unknown. It is currently hypothesised that Th17 promoting cytokines, such as 

IL-17a, IL-23 and IL-22 are involved in developing and maintaining the pro-inflammatory 

environment typical of clinical JD, in addition to overexpression of IL-1β being linked to 

chronic inflammation (Aho et al., 2003; DeKuiper & Coussens, 2019a, 2019b). This is 

supported from peripheral blood monocyte (PBMC) infection studies with MAP showing an 

upregulation of IL-6, IL-1 and IL-23 which aid Th17 differentiation (Roussey et al., 2014), in 

addition to an increase in expression of IL-17a in early stage lesions in infected cattle (Roussey 

et al., 2016). 

1.11.4  Granuloma formation 
As a standard characteristic of MAP infection, granulomatous lesions form in the intestinal 

lining of ruminants from the proliferation of MAP within macrophages (Momotani et al., 

1988; Sigurardóttir et al., 2004). The macrophages are unable to degrade MAP efficiently and 

produce pro-inflammatory cytokines and chemokines to recruit more immune cells to the 
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site of infection. The host is unable to clear the infection and forms a granuloma to sequester 

the infected cells. A granuloma is an aggregate of macrophages, lipid-rich foamy 

macrophages and epithelioid cells surrounded by a cortex of uninfected macrophages and 

activated T cells. T cells outline a tight coat of fibroblasts and collagen which contains the 

structure to prevent dissemination of the infection throughout the host (Rice et al., 2019). 

Within the granuloma, multiple activated macrophages may fuse together to form giant 

multi-nucleated cells called Langhans.  

The centre of the granuloma becomes hypoxic due to the lack of blood supply, but like other 

mycobacteria MAP is able to survive these conditions by becoming dormant (Lin et al., 2009). 

In this time, MAP does not proliferate but remains viable, evading the host immune 

responses so that it is not eradicated. This is thought to be a protective response by the host, 

as MAP is prevented from spreading to the surrounding healthy tissue.  

MAP can form multiple types of granuloma; type I lesions, also known as tuberculoid 

granulomas, are organised structures consisting of epithelioid and Langhans cells surrounded 

by connective tissue. These lesions are associated with a low bacterial load and effective 

control of the infection in the subclinical phase. Type II lesions, also known as lepromatous 

granulomas, is unordered with a large bacterial burden in many macrophages and 

lymphocyte integrations (Lei et al., 2008). These types of lesions are associated with disease 

progression in an animal (Emile et al., 1997), and the granuloma morphology is known to be 

influenced by the Th1 and Th2 immune response (Tanaka et al., 2005). If the host immune 

response is weakened or suppressed the granuloma may lose integrity and the mycobacteria 

may reactivate and escape from the granuloma to form lesions in other parts of the host.  

The granuloma is a critical component of MAP infection, as while it’s thought to be a 

protective response for the host, mycobacteria have been shown to promote granuloma 

formation to enhance survival. There is significant difficulty in discriminating between host 

immune responses which benefit the host, and those which benefit the pathogen (Rice et al., 

2019). Therefore, a model which can accurately represent granuloma formation in a 

ruminant intestine is critical to enhancing our understanding of host-pathogen interaction.  

1.12  Adhesins expressed by MAP 
The invasion of the intestinal cell lining is a very important part of MAP pathogenesis. Many 

MAP adhesins have been characterised by investigating genes or proteins that are 
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upregulated under a variety of experimental conditions thought to mimic those of the in vivo 

host. Examples include exposure to increased osmolarity such as in the mammary glands, 

high acidity in the stomach of cattle and anaerobic conditions in the intestine. Like many 

other Mycobacterial species MAP can survive harsh environmental conditions due to its lipid-

rich capsule (Ghazaei, 2018) and modulates its repertoire of surface exposed proteins in 

response to such conditions (Everman & Bermudez, 2015). Examples include the 35 kDa 

major membrane protein (MMP) which was upregulated in low-oxygen and high-osmolarity 

conditions (Bannantine et al., 2003). The 35 kDa MMP also induced antibody production from 

JD positive cattle, indicating this protein is expressed by MAP in the host. This protein was 

confirmed to be present on the surface of MAP using electron microscopy, and upon 

exposing MAP to anti-MMP antibodies the invasion of MDBK cells was inhibited by 30%. This 

confirmed the role of MMP as a virulence factor of MAP which is likely to aid in vivo infection 

(Bannantine et al., 2003). 

MAP gene expression has also been monitored upon pre-incubation in culture with bovine 

mammary epithelial cells (Patel et al., 2006) and acid (Secott et al., 2001) and milk (Everman 

et al., 2018), all of which are linked to increased MAP virulence. Cell wall-associated lipids 

and the genes associated with lipid metabolism are significantly altered in these conditions 

(Alonso-Hearn et al., 2010). MAP1203 gene expression was upregulated over 28-fold upon 

exposure to raw milk (Everman et al., 2018), and was found interact with host-surface 

expressed proteins. When cloned and expressed in M. smegmatis it conferred an increased 

ability for M. smegmatis to infect MDBK and RAW 246.7 cells (Everman et al., 2018).  

Other investigators have demonstrated passage of MAP in epithelial cells leads to a 

subsequent altered macrophage response and ability to infect other epithelial cell types 

(Patel et al., 2006). In a co-culture system of MAC-T cells, a bovine mammary epithelial cell 

line, and macrophages, the infection of epithelial cells increased the recruitment of 

macrophages to the underlying side of the MAC-T cells and caused an upregulation of IL-1β 

(Lamont et al., 2012). This led to uptake of MAP by macrophages within 10 minutes of 

infection. This extremely rapid internalisation may benefit MAP replication as it is an obligate 

intracellular pathogen.  

From these studies it is clear that by investigating MAP in conditions which mimic those of 

its natural infection, it is likely that new adhesins can be identified. These may provoke an 
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immune response from the host if expressed on the surface of MAP, and offer insight into 

MAP pathogenesis and the identification of new therapeutic targets. 

1.12.1 Fibronectin attachment protein 
An important protein identified as upregulated upon exposure to high acidity is the 

fibronectin attachment protein (FAP). Several mycobacterial species express fibronectin 

attachment proteins (FAPs) (Schorey et al., 1996) which bind to the soluble extracellular 

matrix protein called fibronectin in the intestine. FAPs have been shown to enhance 

attachment and invasion of epithelial cells by both M. bovis BCG and M. avium (Schorey et 

al., 1996; Zhao et al., 1999).   

In 2001, Secott et al., identified the expression of a FAP in MAP which shared 97% sequence 

homology to the FAP in M. a. avium. This protein was observed to enable binding to soluble 

fibronectin, which was enhanced upon exposure to acidic pH (Secott et al., 2001). Coating of 

MAP with fibronectin showed an increase in attachment and invasion of 2 epithelial cell lines, 

T-24 and Caco-2 cells, and mutation of FAP resulted in reduced internalisation by these cells 

(Secott et al., 2002). To determine the effect of fibronectin coating on MAP infection in an in 

vivo system, murine gut loops containing a PP were infected with either coated or non-coated 

MAP. Greater infection levels of M cells were observed in this system. A fibronectin bridge 

formed between the FAP expressed by MAP and the soluble fibronectin in the murine 

intestine. This complex can then bind to fibronectin binding integrins such as the alpha 

subunit of α5β1 and αvβ1. Fibronectin binds to α5β1 with higher affinity, and this integrin is 

expressed in a high abundance on the surface of M cells. This allowed significantly more 

attachment to M cells than villous epithelial (VE) cells in the in vivo model which was impaired 

in a FAP mutant strain (Secott et al., 2004). It was therefore concluded that MAP binds to M 

cells in a FAP-dependent process. Interestingly, the coating with fibronectin and the mutation 

of FAP did not change the level of infection of VE cells in the murine gut model, leading to 

the conclusion that MAP infects VE cells in a FAP-independent process.  

1.12.2 The mammalian cell entry operons 
As VE cell attachment was not impaired by FAP mutation, it is likely other genes are expressed 

by MAP which may aid attachment and invasion of these epithelial cells. As the initial cell 

type infected by MAP may play a role in the outcome of infection, the identification of these 

genes is important to aid our understanding of MAP pathologenesis.   
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The mammalian cell entry (mce) operons in other Mycobacterial species have been heavily 

implicated in the attachment and invasion of Mycobacteria to host epithelial cells (Arruda et 

al., 1993; Fadlitha et al., 2019; Haile et al., 2002), and this has led to the hypothesis that the 

genes from these operons may perform similar functions in MAP. Recently the MAP2191 

gene encoding a protein from mce5 operon, was shown to aid protection of mice against 

MAP colonisation of their mesenteric lymph node and liver (Hemati et al., 2018). A truncated 

version of this protein was shown to generate an antibody response from JD positive cattle, 

indicating this protein may be expressed on the surface of MAP (Hemati et al., 2020).  

The mce operons were first identified as putative virulence genes in M. tuberculosis, which 

upon expression in a non-invasive E. coli host, enabled the bacteria to enter mammalian 

epithelial cells and survive within macrophages (Arruda et al., 1993). Upon analysis of the M. 

tuberculosis H37Rv genome four mce operons were discovered (Cole et al., 1998). An operon 

is a functional unit of DNA under the control of a single promoter, and each mce operon was 

organised in the same way, 2 integral membrane genes (YrbEA and YrbeB) upstream of 6 mce 

genes (a-f) (Cole et al., 1998; Tekaia et al., 1999). This is consistent with the localisation of 

these proteins to the bacterial cell surface, as was shown for Mce1 proteins localising to the 

cell envelope in M. tuberculosis, which further supports their hypothesised function as 

adhesins (Shimono et al., 2003). MAP contains mce operons 1, 2, 3, 4, two copies of mce5 

and two copies of mce7 (Hemati et al., 2019) arranged as shown in Figure 1.5.  

 

Figure 1.5| A schematic to demonstrate the arrangement of MAP mce operons. The mceR 
genes regulate the expression of the indicated operon. The fadD5 gene in the mce1 operon 
is putatively involved in fatty acid catabolism (Joon et al., 2010). Each operon contains two 
genes encoding transmembranous domains termed YrbEA and YrbEB excluding the mce5 
operon. Each operon has six mce genes A-F. 
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1.12.2.1 mce1 operon 
The mce1 operon is perhaps the most thoroughly investigated of all the mce operons in M. 

tuberculosis. Mce1A in M. tuberculosis is known to aid entry into epithelial cells and survival 

within macrophages, and the coating of non-invasive E. coli and latex beads confers the 

ability of these particles to enter non-phagocytic cells (Arruda et al., 1993; Chitale et al., 

2001). In M. tuberculosis the epitope required for the invasion of HeLa cells was isolated to 

a highly basic 22 amino acid sequence, termed Inv3, which caused microfilament and 

microtubule dependent membrane invagination (Lu et al., 2006). Mutation of mce1A 

causes growth defects in M. tuberculosis and M. bovis BCG in vivo (Sassetti & Rubin, 2003), 

showing a degree of conserved function between Mycobacterial species.  

However, the exact function of the mce1 operon remains somewhat controversial as 

mutations in M. tuberculosis in this locus have been observed to have differing effects. In 

2003 Shimono et al. showed a mce1 mutant was hypervirulent when inoculated 

intravenously in BALB/c mice, replicating faster in the lungs, liver, and spleen than the wild-

type equivalent. Gioffre et al. 2005 similarly found that mutation in yrbEB1 allowed for 

uninhibited replication in the lungs and spleen of BALB/c mice compared to the wild-type 

when injected into the peritoneum. However, infection via the tracheal route resulted in a 

greater level of host controlled replication of the mutant, indicating a degree of 

attenuation. Other reports by Sassetti & Rubin demonstrated that mce1 mutants had a 

growth defect in the spleens of C57BL/6J mice in a competitive mixed infection. As a result 

of these contradictory findings, the substrate transported by the Mce1 proteins and its role 

in intracellular growth are not yet understood.  

One reason which mutations in mce genes may result in contrasting phenotypes between 

groups, could be due to interactions of the mce gene with unlinked genes. A microarray-

based technique called transposon site hybridisation (TraSH) was used to investigate M. 

tuberculosis. Mutations in genes adjacent to the mce1 operon were classified as either 

“negative”, in which the phenotype of the original mce mutation was enhanced; “positive”, 

in which the phenotype of the original mce mutation was reduced; and a subtype of the 

positive mutation which was a “suppressor” mutation, in which the phenotype of the 

original mce was completely mitigated (Joshi et al., 2006). This demonstrated that genes 

elsewhere in the genome of M. tuberculosis could interact with the mce gene itself, and 

have differing outcomes on the virulent phenotype. Therefore, depending on where a 
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mutation occurred in the mce gene, this may affect an interaction the mce gene has with an 

unlinked gene which could lead to an increased or decreased virulence phenotype of the 

mutant. 

While the role of the mce1 operon in MAP has yet to be fully understood, disruption of 

mce1D in this operon caused attenuation of MAP as the mutant was less able to invade a 

bovine epithelial cell line, MDBK cells, compared to its wild-type counterpart (Alonso-Hearn 

et al., 2008). This may indicate this gene, and others in this operon, aid attachment and 

invasion of epithelial cells in MAP.  

1.12.2.2 mce2 operon 
In M. tuberculosis, the mce2 operon encodes proteins that have the highest amino acid 

identity to the mce1 operon proteins (Chitale et al., 2001; Haile et al., 2002; Mitra et al., 

2005), and could be a result of duplication along the course of Mycobacteria evolution. 

However, the mce2 operon has not been shown to contribute to attachment and invasion 

of M. tuberculosis, which could be due to the absence of the immunodominant KRRITPKD 

residues (Harboe et al., 2002). In addition, there is an Rv0590A fragment inserted between 

mce2B and mce2C (Zhang & Xie, 2011), and the cell penetrating peptide termed Inv3 in 

Mce1A is absent from the equivalent site in Mce2A, which could further hamper its 

function as an adhesin (Lu et al., 2006).  

Other roles played by this operon may be linked more to sulfolipid (SL) metabolism and 

importation utilised by M. tuberculosis during infection. Mutation in this operon may result 

in accumulation of SLs in the bacterial cells wall which in turn may reduce granuloma 

formation (Marjanovic et al., 2011). Therefore, it is possible this operon may function to 

increase long-term survival of M. tuberculosis rather than impact the initial infection period. 

Other studies have shown that mutation in this operon impacts in vivo survival as the M. 

tuberculosis mutant is more effectively controlled by the immune system in BALB/c mice 

than the wild-type equivalent of M. tuberculosis, although these growth defects were 

absent in a competitive mixed infection (Marjanovic et al., 2010).  

1.12.2.3 mce3 operon 
Interestingly, the mce3 operon is absent from M. bovis, M. smegmatis, M. microti and M. 

leprae (Kumar et al., 2005). Several studies have reported coating latex beads with Mce3A 

or Mce3E causes internalisation by HeLa cells (El-Shazly et al., 2007), and Mce3E has been 
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shown to impact the host immune response and promote intracellular survival by the 

inhibition of the ERK signalling pathway in macrophages (Li et al., 2015). These two 

proteins, in addition to Mce3D, elicit an antibody response from patients suffering with M. 

tuberculosis and so it is likely they are expressed by the bacteria in a natural infection 

(Ahmad et al., 2004; Zhang & Xie, 2011). Mce3C has been shown to promote the early 

interaction between Mycobacteria and macrophages via an RGD motif dependent manner. 

The RGD motif is an arginyl-glycyl-aspartic acid sequence recognised by a large number of 

adhesive extracellular matrix proteins for integrin binding. Mce3C has been shown to bind 

to the β2 integrin via an RGD motif and inducing actin rearrangement in the macrophage 

(Zhang et al., 2018). This could provide an intriguing target for therapies against M. 

tuberculosis through the use of blocking antibodies against the integrin receptor, and may 

provide a possible mechanism for cell tropism displayed by MAP.  

1.12.2.4 mce4 operon 
The mce4 operon is highly homologous to mce1, and the expression of Mce4A on the 

surface of M. tuberculosis supports the premise that it functions as an adhesin (Saini et al., 

2008). The mce4 operon is expressed in the stationary phase of in vitro culture (Kumar et 

al., 2003) and has been shown to confer to non-invasive E. coli the ability to invade HeLa 

cells when expressed on the cell surface (Saini et al., 2008), and disruption of the operon 

attenuates M. tuberculosis virulence in infected mice (Senaratne et al., 2008). 

Proteins encoded by this operon have also been suggested to act as a cholesterol import 

system. The mce operons share homology to ATPase transport systems, and mutation in 

the mce4 operon impairs the ability of M. tuberculosis to metabolise cholesterol in vitro and 

grow poorly when it is the primary carbon source (Pandey & Sassetti, 2008). Similarly, the 

mce4 operon in M. smegmatis is necessary for lipid homeostasis in the cell wall (Santangelo 

et al., 2016). In a natural infection, cholesterol is more likely to be used as an energy source 

at a later stage, when the bacteria is intracellular. This could explain the need for both 

mce1 and mce4, as the former has been implicated in the earlier stages of infection. This is 

supported by a study which showed mutation in the mce1 operon induced replication 

defects in the early phase of infection in mice, and mutation in the mce4 operon caused 

replication defects after 3-4 weeks post infection (Joshi et al., 2006; Sassetti & Rubin, 2003). 
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1.12.3 Redundancy of mce operons 
The presence of 4 highly homologous operons in M. tuberculosis has often been 

questioned. M. leprae encodes only mce1 as it has lost or mutated dispensable genes 

(Casali & Riley, 2007). This may indicate that there is some redundancy in their function. 

However, other studies have indicated the operons are non-redundant as infection of 

C57BL/6J mice with mce1 and mce4 M. tuberculosis mutants exhibited further attenuation 

than infection with either mutant alone (Joshi et al., 2006). 

Others have suggested the operons are expressed at different times of infection. The mce4 

operon may be expressed later in infection to aid persistence of M. tuberculosis, as it has 

been shown to aid cholesterol utilisation by the bacteria (Pandey & Sassetti, 2008; Saini et 

al., 2008). This is supported by mce4 mutants of M. tuberculosis showing growth defects 

only after 2 weeks of infection in mice, after the development of an adaptive immune 

response (Joshi et al., 2006; Sassetti & Rubin, 2003).   

In vitro RT-PCR experiments indicate the expression of mce1A, mce1D, mce2A, mce2D, 

mce3A and mce3C are all upregulated during the stationary phase of growth compared to 

the exponential phase (Singh et al., 2016). This is usually when nutrients in the media have 

been metabolised and the bacteria is under stressful conditions. Mce1A was more highly 

expressed than the other genes in both the exponential and stationary phase, which could 

indicate a greater relevance to maintain normal bacterial growth (Singh et al., 2016).   

Other possible suggestions for the presence of 4 homologous operons are linked to their 

predicted function as an ATP transport system (Casali & Riley, 2007). The mce4 operon has 

been implicated as a cholesterol import system that enables M. tuberculosis to use host 

lipids as a carbon source (Kendall et al., 2010; Pandey & Sassetti, 2008). In addition, the 

mce3 regulator, mce3R, regulates the expression of proteins involved in lipid metabolism 

(de La Paz et al., 2009). Structural predictions for Mce proteins have also been based on 

colicins or β-barrel porins. These form channels to transport substrates across a 

hydrophobic barrier, such as the mycobacterial envelope or host cell membrane (Das et al., 

2003; Pajón et al., 2006). The structural similarity of Mce proteins to these transporter 

proteins may indicate that Mce proteins also function as transporters.  
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1.13  Systems used to model MAP infection 
The most physiologically representative model to use for research of MAP interactions with 

the host would be in vivo experiments using ruminants: the natural host. In vivo 

experiments in ruminants produce the most physiologically representative data, but it can 

take 2-3 years before clinical signs of disease appear and in this time the animals must 

remain in confinement (Hines et al., 2007). There are few facilities which can house large 

animals for this extended time-period, and so several small-animal models have been 

utilised. Rabbits (Mokresh et al., 1989; Mokresh & Butler, 1990), mice (Rosseeis et al., 2006; 

Shin et al., 2006) and chickens (van Kruiningen et al., 1991) have all been used in previous 

studies. Mice are particularly common in MAP experiments because of their ease of access 

and the ability to genetically manipulate the host, but are somewhat limited in their ability 

to model MAP infections due to their biological differences from ruminants and the high 

dose of MAP required for clinical signs of disease to form (Veazey et al., 1995).  

There are numerous limitations to the in vivo studies including differences between host 

species, doses and strains of MAP, cost and ethical considerations that make standardisation 

difficult and cross-study interpretation challenging (Begg & Whittington, 2008). These 

limitations have led to the development of ex vivo and in vitro models to study the interaction 

of MAP with the host.  

Ex vivo tissue explant models could bridge the gap between in vitro and in vivo models. These 

explant cultures of intestinal tissue have been used to assess MAP strain differences in their 

ability to attach and invade the intestine (Schleig et al., 2005). However, the longevity of this 

tissue is limited to ~2 weeks when sourced from foetal tissue due to the degradation of tissue 

and debris build-up, and therefore its reproducibility is limited (Chopra et al., 2010). 

Previously, various in vitro cell lines have been used to progress our understanding of MAP 

infection in a reductionist context using conditions that are well controlled and repeatable. 

MAP is hypothesised to target specific cell types in the intestine, and these can be assessed 

individually using in vitro cell lines without requiring the use of complex in vivo intestinal 

models. Cell lines are easily accessed for research purposes, unlike animals, have a clear route 

of infection and the inoculum can be standardised between research groups for easier 

reproducibility. Their use reduces expense and ethical issues associated with animal 

experiments and enables studies to adhere to the “3Rs” principles. To this end, cell lines 



41 
 

which have been used to model MAP infection of the epithelial cells include MDBK cells 

(Everman et al., 2018), Caco-2 cells, T-24 cells (Secott et al., 2002) and m-ICcl2 cells (Pott et 

al., 2009). These cell lines are extensively characterised, and several of these have intestinal-

like properties such as Caco-2 and m-ICcl2 cells which can undergo differentiation and have 

villus regions.  

However, while cell lines have proved useful in expanding our understanding of MAP 

pathogenesis, there are known limitations to their use. Many cell lines are derived from 

cancerous tissues, which have altered gene expression profiles compared to healthy tissue 

and have been maintained for several decades leading to genetic drift and the formation of 

sub-clones. The selection pressure cell lines have undergone to adapt to their 

microenvironment has caused changes at the genetic, transcriptional (Ross et al., 2000) and 

protein (Irish et al., 2004) levels resulting in abnormal cellular metabolism, cell-cell adhesion 

and cell growth and death. Genetic drift and inadvertent contamination of cell lines means 

these cells are a poor representative of the native tissue. 

1.13.1  Bovine Intestinal Organoids 
From this, it is clear existing in vitro models cannot capture the complexity of the ruminant 

intestine and be maintained indefinitely, whilst cell tropism displayed by pathogenic bacteria 

like MAP cannot be identified using monocellular cell lines.  

The ideal bovine intestinal model should contain cell types representative of the host 

species and gut epithelium which can be maintained for the duration of the culture and 

share the architectural properties of the intestine including crypt and villus features (Hasan 

& Ferguson, 1981). In addition, the model should demonstrate a polarised epithelial barrier 

to the external environment, have a fluidic system to allow movement of intraluminal 

contents and maintain an oxygen and nutrient supply to the cells (Kim et al., 2012). Finally, 

the ideal model would have an environment that promotes cross-talk between the 

epithelium and immune system and the microbiota of the intestine (Araújo et al., 2016; 

Araújo & Sarmento, 2013).  

Recently, 3D intestinal organoid (enteroids) models were developed which meet many of 

the requirements of an ideal intestinal model. In 2009 the Clevers’ group established that 

Lgr5+ stem cells residing in crypts of the intestinal epithelium could generate all the cell 

types in the epithelial cell lineage (Barker et al., 2007). The subsequent isolation and culture 
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of these stem cells resulted in organoids containing crypt-villus regions, providing one of 

the first methods to study the physiological and morphological properties of an intestine in 

an in vitro setting (Sato et al., 2009). What is equally promising is the maintenance and 

passage of these enteroids over time without phenotypic or transcriptional changes (Bar-

Ephraim et al., 2020; Fatehullah et al., 2016). Further, enteroids may be stored and later 

resuscitated without loss of function, reducing the requirement for animals as a source of 

stem cells. 

The establishment of bovine 3D enteroids which contain polarised cells that differentiate into 

the cell lineages of the intestine, and can be serially passaged, offers an attractive model for 

MAP infection studies (Hamilton et al., 2018; Blake et al., 2022). Several other studies have 

gained insight into the pathogenesis of bacteria (Blake et al., 2022; Derricott et al., 2019; 

Zhang et al., 2014), viruses (Estes et al., 2019) and parasites from the use of organoids derived 

from the appropriate host species, which provides a precedent for the study of MAP in the 

context of bovine enteroids.  

1.14  Aims & Objectives 
Genes belonging to the mce operons were investigated for their role in the attachment and 

invasion of host cells to increase our understanding of the initial host-pathogen interaction. 

These genes were hypothesised to function similarly in MAP as other Mycobacterial species 

and may therefore contribute to host cell attachment and invasion. 

In addition, the highly used MAP K10 reference strain has been hypothesised to be lab-

adapted due to repeated in vitro passages. This, coupled with the lack of appropriate in vitro 

research models to study MAP in the context of its natural host, limits our understanding of 

MAP infection. To this end, 3D bovine enteroids which are physiologically representative of 

the bovine intestine were infected with MAP K10 and compared to a more recently isolated 

clinical strain of MAP, termed C49. The aim was to highlight strain differences between MAP 

in their ability to infect the bovine intestine.   

To address these gaps in our knowledge of MAP infection, the following objectives were 

investigated: 

1. Investigate the function of selected MAP mce genes for their role in attachment and 

invasion of mammalian cells (Chapter 3) 
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2. Characterise 3D bovine enteroids using RT-PCR and fluorescence microscopy to 

assess the presence of multiple intestinal epithelial cell lineages (Chapter 4) 

3. Establish 2D monolayers and 3D apical-out bovine enteroids which maintain the 

multiple cell lineages of the intestine and expose the apical surface of the cell 

(Chapter 4) 

4.  Investigate the differences between MAP K10 and a recent clinical field isolate (MAP 

C49) for their ability to infect the developed bovine intestinal models (Chapter 5) 

5. Investigate cell tropism displayed by MAP C49 in an in vivo model using the murine 

gut loop infection model (Chapter 6) 
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2 Materials and Methods 
2.1 Bacterial Cell Culture 

2.1.1 MAP Culture 
MAP K10 and C49 were cultured in 7H9 media (270 mL water, 1.41g Middlebrook 7H9 

supplement, 333 µL glycerol, 333 µL Mycobactin J, 30 mL OADC supplement) at 37°C 100 rpm 

or on 7H10 agar (360 mL water, 7.79g Middlebrook 7H10 supplement, 2 mL OADC, 800 µL 

Mycobactin J, 40 mL OADC supplement) at 37°C. If required, the culture medium was 

supplemented with 50 µg/mL kanamycin or 5% sucrose (w/v).  

2.1.2 Resuscitation of MAP 
For infection studies, aliquots of MAP stored at -80°C were used. To generate these aliquots, 

MAP K10 and C49 were cultured in 7H9 broth at 37°C 100 rpm to an OD600 of 0.6 was reached. 

1 mL aliquots were frozen at -80°, and 3 separate aliquots were thawed to calculate the 

CFU/mL. For this, the frozen MAP aliquots were resuscitated by thawing at 37°C overnight, 

and suspended by passing the media through a 27 gauge needle 10 times prior to use. 

Dilutions of the MAP culture were plated onto 7H10 agar and incubated at 37°C for up to 6 

weeks. 

2.1.3 E. coli cell culture 
E. coli DH5α and Rosetta2 cells were cultured in Luria-Bertani (LB) broth or on LB agar in the 

presence of ampicillin (100 μg/mL), chloramphenicol (34 μg/mL) or kanamycin (50 µg/mL) 

where appropriate. The bacteria were cultured at 37°C 180 rpm.  

2.2 Genomic DNA isolation from MAP 

2.2.1 Preparation of samples for genomic DNA isolation 
Genomic DNA from M. tuberculosis HvR5 and M. avium ssp paratuberculosis K10 and C49 

was extracted from a 50 mL culture at stationary phase. Briefly, the culture was centrifuged 

at 1800 x g for 10 minutes and the supernatant discarded. The pellet was then either frozen 

at -20°C or suspended in enzymatic lysis buffer containing 40 mg/mL lysozyme and incubated 

for 16 hours at 37°C, before proceeding to the genomic DNA extraction (section 2.2.2).  

To isolate the genomic DNA from bovine enteroid models for quantification of MAP infection, 

the media from each well was placed in a falcon tube. 500 µL TrypLE express was added to 

the wells to disrupt either the Matrigel layer or the monolayer, depending on the model 

being used, and incubated at 37°C for 10 minutes. The TrypLE express suspension was then 
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added to the falcon tube, and 2 mL of IntestiCult media containing 10 μM Y-27632, 10 μM 

LY2157299 55 nM SB202190 and 10% heat inactivated FBS (v/v) was added to the tube. The 

samples were centrifuged at 1731 x g for 10 minutes and the supernatant removed. The 

pellet was frozen at -20°C until later use and later re-suspended in enzymatic lysis buffer (20 

mM Tris-Cl pH 8.0, 2 mM sodium EDTA, 1.2% Triton X-10) containing 40 mg/mL lysozyme. 

Samples were incubated at 37°C for 16 hours before proceeding to genomic DNA extraction 

(section 2.2.2). 

2.2.2 Genomic DNA extraction  
Upon digestion at 37°C O/N in enzymatic lysis buffer containing 40 mg/mL, AL buffer (Qiagen 

DNeasy Blood & Tissue Kit) and 50 µg/mL proteinase K were added to the samples and 

incubated at 56°C for 2.5 hours. 200 µL 100% ethanol was added per sample, and the lysate 

was transferred to a Qiagen DNeasy column and centrifuged at 6000 x g for 1 minute. DNA 

was extracted using DNeasy Bloody & Tissue Kit (Qiagen) according to the manufacturer’s 

instructions.  

2.3 Polymerase Chain Reaction (PCR) 

2.3.1 Agarose gel electrophoresis 
Agarose was used at 1% (w/v) for resolution of DNA fragments <1Kb and 1.2% (w/v) for 

resolution of DNA fragments 1-2Kb in TAE buffer pH 7.7 (40mM Tris-acetate, 1 mM EDTA) 

containing 1X SYBR green. Samples were mixed with 1/6 volumes of 6X loading buffer. 

Electrophoresis was performed at a constant voltage (100 V) in TAE buffer. DNA was 

visualised with ultraviolet light using a long wave trans-illuminator.  

2.3.2 Taq Polymerase PCR 
The reaction mix for a PCR with Taq polymerase contained 0.4mM dNTP mix, 1 pmol/μL 

oligonucleotide mix, 0.1 µL Taq polymerase, 2 mM MgCl2, 1x Taq PCR buffer and 1 μL 

template. The samples were denatured at 95°C for 3 minutes, followed by 40 cycles of 95°C 

30 second denaturation, 60°C 30 second annealing and 72°C elongation for 45 seconds. 

Samples were heated at 72°C for a further 5 minutes for elongation. Samples were visualised 

an agarose gel as described in section 2.3.1.  

2.3.3 PCR product purification 
DNA fragments were separated on an agarose gel using a 1 Kb plus ladder as a size marker. 

Bands correlating to the correct size of amplicon were excised from the agarose gel using UV 
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lighting to visualise the band and a scalpel. The Gel Purification Kit from Qiagen was used to 

purify the DNA according to the manufacturer’s instructions.  

2.3.4 PCR product digestion 
For all PCR product and plasmid digestion reactions, digests were performed in 20 μL volumes 

using 0.1-1 μg DNA and 1-10 U of the specified enzyme. CutSmart Buffer was used to a final 

concentration of 1x and the reaction was incubated at 37°C for 2-3 hours. Enzymes were then 

heat deactivated by incubation at 60-80°C for 20 minutes. 

2.4 Sample staining and imaging 

2.4.1 Tissue embedding 
Ileum tissue samples were snap-frozen in liquid nitrogen and transferred to -80°C until 

further use. When ready, the tissue was embedded in OCT and set using isopropanol 

suspended in dry-ice. Frozen sections were cut on a cryostat at 7 µm thickness and adhered 

to a microscope slide immediately using polarised microscope slides at room temperature. 

The tissue slices were fixed and stained as described in section 2.4.3.  

2.4.2 Preparation of matrix coated slides 
Wells were coated with Matrigel thawed and diluted 1:20 with ice-cold PBS. 250 µL was 

added to an 8-well chambered slide (Nunc Lab-Tek) or 300µl in a 24 well tissue culture plate. 

Plates were incubated at 37°C for 1-4 hours before use. The excess supernatant was removed 

by careful pipetting and the wells allowed to air-dry for 10 minutes before use.  

To coat wells with bovine type I collagen, a stock concentration of 10 µg/mL of collagen in 20 

mM acetic acid was prepared and added to wells to give a final concentration of 5 µg 

collagen/cm2. The wells were incubated at room temperature for 1 hour before the solution 

was aspirated off. Wells were washed three times with 1X PBS to remove the acid and the 

wells air-dried for 10 minutes.  

2.4.3 Immunostaining of samples 
Samples to be stained were washed 3 times with PBS and incubated with 2-4% 

paraformaldehyde/PBS (w/v) for 1 hour at 4°C to fix. Samples were then washed 3 times with 

PBS and could be stored in PBS at 4-8°C until stained.  

Samples were permeabilised in 0.1% Triton-X 100 (v/v) for 15 minutes at room temperature. 

Non-specific binding was blocked with PBS containing 0.5% bovine serum albumin (BSA) (v/v) 

and 0.02% sodium azide (w/v) (termed blocking buffer) for 30 minutes at room temperature. 
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The samples were incubated with the designated primary antibody diluted in blocking buffer 

to the appropriate concentration as described in Appendix C for 1 hour at room temperature 

on a rocking platform. Samples were washed 3 times in PBS and incubated with the 

secondary antibody diluted (Appendix C) in blocking buffer for 45 minutes. In some cases, 

phalloidin 488 (Molecular Probes) diluted in blocking buffer was then incubated with cells at 

room temperature for 15 minutes. Samples  were washed 3 times in blocking buffer and 

incubated in 300 nM DAPI diluted in distilled water for 2-5 minutes. The coverslips were 

rinsed in water and mounted on a glass slide using Prolong Gold (Thermo Fisher). Coverslips 

were visualised using Leica LSM710 upright immunofluorescence microscope.  

For 3D basal-out enteroids, the enteroids were pooled at 7 days of culture in a 15 mL falcon 

tube, being careful not to shear the enteroids. The enteroids were washed twice with PBS 

suspended in complete IntestiCult, before being plated onto a Matrigel coated coverslip in a 

24 well plate. The plates were then centrifuged at 100 x g for 5 minutes. The enteroids were 

cultured for 2-3 days at 37°C 5% CO2 prior to fixation with 4% paraformaldehyde. This allowed 

a greater density of 3D basal-out enteroids to be imaged in the same well without requiring 

slicing of enteroids in suspension for staining and imaging. 

2.4.4 Periodic Acid Schiff (PAS) staining 
Samples were fixed as described in section 2.4.3 and the mucins stained using Periodic Acid 

Schiff (PAS) staining according to the manufacturer’s instructions (Appendix L). Briefly, 

samples were oxidised with the Periodic acid solution for 5 minutes before being washed in 

distilled water. The Schiff reagent was then added for 15 minutes and washed with warm tap 

water for 5 minutes. Scott’s tap water was then used as a counterstain before being washed 

with tap water for 5 minutes. The sample was then air-dried and mounted on a glass slide 

using Prolong Gold. Samples were imaged using a brightfield microscope.  

2.4.5 FITC-dextran assay 
Enteroids or apical-out enteroids were carefully pooled into 15 mL Falcon tubes as described 

in section 4.3.1.4. The suspension was centrifuged at 400 x g for 5 minutes and the 

supernatant removed. The pellet was re-suspended in either HBSS as a control or 20 mM 

EDTA and incubated at 37°C for 15 minutes. The enteroids were then centrifuged at 400 x g 

for 5 minutes, washed with PBS and re-suspended in 2 mg/mL 4 kDa fluorescein 

isothiocyanate (FITC)-Dextran. Enteroids were imaged immediately using a LSM710 Confocal 

microscope.  
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2.5 RNA isolation and cDNA synthesis 

2.5.1 Preparation of MAP culture for RNA extraction 
To isolate total RNA from >5 mL of MAP culture at an OD600 0.6 and 1.5, or cultures exposed 

to pH 3.0 7H9 media, the bacteria was pelleted by centrifugation at 3220 x g for 10 minutes. 

The supernatant was removed and the pellet suspended in 1.5 mL Trizol per 5 mL of bacterial 

culture. The suspension was added to tubes containing lysing matrix B (MP Biomedicals) and 

pulsed in a Fastprep machine at 6.0 speed for 30 seconds twice followed by 6.5 speed for 45 

seconds, keeping the samples in ice for 5 minutes between steps. The sample was centrifuged 

at 16,200 x g for 3 minutes and the supernatant aliquot into a screw-top micro-centrifuge 

tube. The sample was either stored at -80°C or continued processing.  

2.5.2 Preparation of tissue for RNA extraction 
RNA was extracted from bovine ileum tissue from 3x 9-month-old calves. A 0.5 cm2 tissue 

section was washed with water and HBSS containing 100 μg/mL gentamicin and immediately 

frozen at -80°C until the time of use. A sterile steel ball was placed in the tube with the tissue 

and 1 mL Trizol added to the bead and tissue. The tissue sample was then homogenised in 

the Qiagen Homogeniser for 3 minutes at 25 Hz. The samples were centrifuged at 12,000 x g 

for 5 minutes in a table-top centrifuge and the supernatant was transferred to a separate 

tube for RNA isolation as described in section 2.5.4.  

2.5.3 Preparation of enteroid models for RNA extraction  
Bovine enteroids were cultured in Matrigel and were pooled using ice-cold DMEM/F12 to 

thaw the Matrigel. The enteroids were given time to settle at the bottom of the collection 

tube and the supernatant removed. The enteroids were mechanically disrupted using a 200 

μL pipette and 1 mL Trizol was added. The sample was passed through a syringe with a 27 

gauge needle several times to disassociate the cells in the organoids and 1 mL Trizol was 

mixed in. The samples were centrifuged at 12,000 x g for 5 minutes in a table-top centrifuge, 

and the procedure was performed as described in section 2.5.4. 

To isolate RNA from 2D monolayers, the media was removed and 500 µL Trizol was added 

per well in an 8 well-chambered-slide and the procedure was performed as described in 

section 2.5.4. 3D apical-out enteroids were centrifuged at 400 x g for 5 minutes and the 

supernatant removed. The pellet was re-suspended in 1 mL of Trizol and the procedure 

performed as described in section 2.5.4.  
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2.5.4 RNA extraction  
To isolate RNA from samples in Trizol, 200 μL chloroform was added to the suspension for 

every one mL of Trizol and vortexed for 15 seconds. The sample was incubated at room 

temperature for 3 minutes before being centrifuged at 12,000 x g for 20 minutes at 4°C. The 

solution separates into 3 phases, and the uppermost phase containing RNA was carefully 

removed without disturbing the other phases. In a separate microcentrifuge tube, 500 μL 

isopropanol was mixed with the supernatant and incubated at room temperature for 10 

minutes. The sample was centrifuged at 12,000 x g for 20 minutes at 4°C. The supernatant 

was removed completely except for RNA isolation from MAP cultures in which 300 µL was 

left. The RNA pellet was suspended 1ml 75% ethanol then centrifuged at 7,500 x g for 10 

minutes at 4°C. The ethanol supernatant was removed and any remaining was left to 

evaporate. The RNA pellet was suspended in DEPC water and stored at -70°C until use. 

2.5.5 DNase treatment 
Where specified, total RNA was treated with Turbo Dnase (life technologies) to remove 

contaminating genomic DNA according to the manufacturer’s instructions. Briefly, 2 µg RNA 

was incubated with 1U Dnase and 1X Dnase buffer for 1 hour at 37°C. 1X Dnase Inactivation 

reagent was added to the suspension and incubated for 5 minutes at RT. The sample was 

then centrifuged at 10,000 x g for 5 minutes, and the supernatant aliquoted into a separate 

tube. The RNA was quantified using a Nanodrop and stored at -80°c until later use.  

2.5.6 cDNA synthesis 
20 μL of cDNA was synthesised from 100-500 ng of the total RNA of tissue and enteroids 

using the Agilent AffinityScript Multiple Temperature cDNA Synthesis Kit. The oligo(dT) 

primers supplied were used and the protocol followed according to the manufacturer’s 

instructions.  

2.6 qPCR Analysis 

2.6.1 qPCR reaction 
All qPCR experiments were performed using SYBR green Supermix (Quantabio, VWR 

international Ltd). The total reaction volume was 10 µL consisting of 5 µL Supermix, 0.5 µL 

forward primer, 0.5 µL reverse primer, 1.5 µL nuclease free water and 2.5 µL template. 

Samples were loaded in triplicate into 96 well plates and no template controls were included 

to verify the absence of contamination. Oligonucleotides were designed using Primer3 



50 
 

(Koressaar & Remm, 2007; Untergasser et al., 2012) and Netprimer (Biosoft International) 

software.  

2.6.2 RT-qPCR  
For RT-qPCR of gene expression, standard curve template was generated by using Taq 

polymerase PCR as described in section 2.3.2 to produce a single band PCR product in a 1% 

agarose gel as described in section 2.3.1. This was purified by agarose gel extraction using 

the Qiagen gel extraction Kit as described in section 2.3.3. The purified PCR product was used 

as the standard curve template in future RT-qPCR reactions. The experimental cDNA was 

diluted 1:20 to generate template for the RT-qPCR reaction. The relative quantities of mRNA 

were calculated using the Pfaffl method (2001) (Pfaffl, 2001), using the geometric mean of 

the RT-qPCR results for the specified reference genes to calculate differences in the template 

RNA levels for standardisation of the Ct values for the genes of interest.  

2.6.3 qPCR of genomic DNA 
For qPCR of genomic DNA to calculate the number of cells present in a sample, the undiluted 

sample was used as template for the reaction. Standard curves were generated from 

templates with a known concentration of DNA which correlated to a known number of cells 

present. These values were used to extrapolate the cell number present in the experimental 

samples using the Pfaffl method (Pfaffl, 2001).  

The calculation to enumerate the number of copies of insert present in the plasmid acting as 

the template for the standard curve of both F57 and SPAST is as follows: 

Number of copies (molecules) = 
X ng∗6.0221 ×1023 molecules/mole

(N∗660 g/mole)∗1 ×1∗109 ng/g
 

 

Where: 

6.0221 x E+23 molecules/mole = Avogadro’s number 

X = amount of amplicon (ng) 

N = length of dsDNA amplicon 

660 g/mole = average mass of 1 bp dsDNA 
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3 Investigating the role of MAP mammalian cell 

entry (mce) genes in attachment and invasion of 

host cells 
 

3.1 Introduction 
Attachment of MAP to the host intestinal lining is the first step to initiating an infection, and 

MAP accomplishes this using a range of adhesins. Adhesins known to be expressed on the 

surface of MAP and which aid attachment and invasion include Fibronectin Attachment 

Proteins (FAPs) such as ModD (Cho et al., 2006) and antigen 85 (Kuo et al., 2012). FAPs are 

known to bind to M cells in the intestine through the formation of a fibronectin bridge (Secott 

et al., 2004), and are upregulated upon exposure to acidic pH (Secott et al., 2001). The 35 

kDa major membrane protein (MMP) expressed on the surface of MAP decreased invasion 

of MDBK cells by 30% when inhibited by anti-MMP antibodies, indicating its function as a 

virulence factor enhancing invasion of host cells (Bannantine et al., 2003). Other genes 

implicated in the invasion of epithelial cells include an oxidoreductase (MAP3464) gene. It 

was speculated by the authors that oxidoreductase modifies TraN, a pilin protein which binds 

to Cdc42. Mutation of oxidoreductase may result in incorrect folding of TraN so that it cannot 

interact with Cdc42 and mediate internalisation of MAP, but this remains to be fully 

understood (Alonso-Hearn et al., 2008). This paper also identified mce1D expressed by MAP 

can be mutated through transposon mutagenesis which resulted in a reduced ability to 

invade MDBK cells (discussed in section 3.1.1). Several adhesins have also been identified 

through the exposure of MAP to milk or high osmolarity as this is linked to a more virulent 

phenotype of MAP. Using this method, MAP1203 was observed to be upregulated over 28-

fold (Patel et al., 2006) and was shown to aid attachment and invasion of both MDBK and 

RAW 246.7 cells when expressed in M. smegmatis (Everman et al., 2018). Many of these 

adhesins have been identified by monitoring changes in gene expression upon exposure of 

MAP to the environmental conditions it would be exposed to in the process of infection.  

3.1.1 Investigation of MAP Mce Proteins 
From previous studies, it is clear the mce operons are involved in the pathogenicity of several 

Mycobacterium species, whether it be as a transporter or as adhesins. When expressed 

alone, proteins encoded by mce operons have been observed to aid attachment and invasion 
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of the expression host to mammalian cells, and this function is conserved across several 

Mycobacterial species (Arruda et al., 1993; Sassetti et al., 2003; Fadlitha et al., 2019). The 

role of MAP Mce proteins has been hypothesised to aid attachment and invasion of the 

bacteria to epithelial cells, which was further corroborated by the experiments conducted by 

Alonso-Hearn et al., (2008) which described a reduced capacity of MAP with a mce1D 

mutation to infect MDBK cells. The mce genes which will be investigated in this chapter are 

outlined in Table 3.1. These genes have been chosen due to previous studies implying their 

role for attachment and invasion of epithelial cells by various species of Mycobacteria.  

Gene 
Name 

Gene 
Annotation 

Gene Function Reference 

mce1A MAP3604 This gene aids attachment and 
invasion of mammalian cells by 
several Mycobacterial species.  
Expression of this protein induced 
pro-inflammatory cytokine 
production by macrophages in 
vitro.  

(Arruda et al., 1993)(Ahmad 
et al., 1999) (Flesselles et al., 
1999)(Chitale et al., 2001) 
(Panigada et al., 2002) 
(Shimono et al., 2003)(Das et 
al., 2003)(Fadlitha et al., 
2019) 

mce1D MAP3607 Mutation of this gene impairs 
invasion of MDBK cells 

(Harboe et al., 2002)(Alonso-
hearn et al., 2007) 

mce3C MAP2114c In M. tuberculosis this gene 
facilitates uptake and invasion of 
macrophages via a β2-integrin 
expressed on the cell surface 

(Ahmad et al., 2004)(Gioffre 
et al., 2005)(Aguilar et al., 
2006) (El-Shazly et al., 2007) 
(Senaratne et al., 2008) 
(Zhang et al., 2018) 

mce4A MAP0564 This gene is homologous to 
mce1A but is thought to be 
expressed later in infection in vivo 
and is more highly expressed in 
the stationary phase than the 
exponential phase in vitro. Mce4A 
has been implicated in 
cholesterol uptake and the long-
term maintenance of bacterial 
infection.  

(Saini et al., 2008)(Senaratne 
et al., 2008)(Klepp et al., 
2012) 

Table 3.1| Description of MAP mce genes to be investigated in this project. MAP K10 
genome Taxonomy accession number AE016958. 

3.2 Aims and Objectives 
In this chapter the function of 4 different mce genes expressed by MAP were assessed. To 

this end, mce1A, mce1D, mce3C and mce4A were analysed for differential expression under 

different growth phases and exposure to acidic conditions. The genes were then cloned into 

prokaryotic expression plasmids, verified by sequencing, and transformed into non-invasive 
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E. coli. The Mce proteins were confirmed to be expressed on the cell membrane of the 

bacteria by Western Blot. The E. coli recombinants were then used to assess the role of these 

proteins in attachment, invasion, and intracellular survival of the bacteria in epithelial and 

phagocytic cells by CFU analysis and confocal microscopy.  

3.3 Materials and Methods 

3.3.1 Analysis of MAP mce expression  
To assess the impact of culture condition on mce expression, MAP K10 and MAP C49 were 

cultured as described in section 2.1.1 until stationary phase was reached (OD600 1.2<). The 

culture was then diluted 1:10 in 7H9 culture medium and separated into two different flasks 

and cultured at 37°C 100 rpm. For analysis of exponential vs stationary culture, the RNA was 

isolated from one flask that reached OD600 0.6, while the second flask was cultured until RNA 

was isolated at the stationary phase. 

For analysis of acidic exposure on MAP mce gene expression, the stationary phase culture 

was diluted 1:10 in 7H9 culture medium and separated into two flasks and cultured at 37°C 

100 rpm. Upon reaching an OD600 0.6, the culture was pelleted by centrifugation at 3220 x g 

for 10 minutes. The pellet was re-suspended in an appropriate volume of standard 7H9 media 

or 7H9 media at pH 3.0 from the addition of hydrochloric acid prior to autoclave. MAP 

cultures were incubated at 37°C 100 rpm for 2 hours before total RNA was isolated.  

In all cases, RNA was isolated from MAP K10 and C49 cultures as described in section 2.5.1 

and 2.5.4. Where specified the RNA was DNase treated (2.5.5) prior to cDNA synthesis (2.5.6). 

The RT-qPCR reactions were performed as described in section 2.6.1 and 2.6.3 using the 

primers outlined in Appendix A.  

3.3.2 PCR amplification of MAP mce genes  
To amplify selected mce genes from the MAP K10 genome, and mce1A from M. tuberculosis 

genome, primers were designed which would amplify the entire gene and incorporate the 

XbaI restriction enzyme sites on the 5’ and the NdeI restriction enzyme site on the 3’ end of 

the gene for subsequent cloning steps (Appendix B). For the PCR template, MAP was cultured 

as described in section 2.1.1 and the genomic DNA of MAP K10 was isolated as described in 

section 2.2 and the genomic DNA of M. tuberculosis H37rv was gifted by Dr. J Mitchell. 

PCRs were performed in 25-50 μL volumes using primers outlined in Appendix B. The reaction 

mixture consisted of 10 ng template DNA, 1μM oligonucleotide primers, 200 μM 
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deoxynucleotides triphosphate, 0.04 U/μL Phusion High Fidelity Polymerase, 1x GC buffer, 6-

10% DMSO and 5mM MgCl2 depending on the primer pair used. 35 cycles of DNA 

amplification were performed. The samples were denatured at 98 °C for c. 5minutes, the 

primers annealed at c. 52°C and extension was performed at 72°C (allowing 30 seconds per 

500bp of DNA to be synthesised). 

3.3.3 Generating an mce plasmid construct 
For cloning of mce1A derived from M. tuberculosis (mtb1A) and mce1D, mce3C and mce4A 

derived from MAP (map1D, map3C, map4A) into the pET21b(+) plasmid, restriction 

endonucleases, XbaI and NdeI, were used to create complementary ‘sticky’ ends on the 

pET21b(+) plasmid and on the mce PCR product which was purified from an agarose gel.  

To generate the pET21b(+) plasmid containing the mce1A insert derived from MAP (map1A), 

a poly-A tail was added to the blunt 3’ end of the PCR product using Taq polymerase and 

incubated with 1mM dATPs, 1.5 mM MgCl2 and 1X PCR buffer at 70°C for 30 minutes. The A-

tailed PCR product was sub-cloned into a pGEM-T Easy vector system to be amplified. The 

construct was purified and digested with XbaI and NdeI for insertion into pET21b(+) as 

described in section 2.3.4. 

The ligation of vector and PCR product was performed in 20μl reactions using 1U of 

bacteriophage T4 DNA ligase and incubation at 16°C for 16 hours.  

3.3.3.1 Transformation of E. coli 
E. coli strains (DH5α, NEB5α, and Rosetta2 strains) were transformed according to the 

manufacturer’s instructions. Briefly, 50 μL competent cells and 1μg plasmid DNA were mixed 

and incubated on ice for 1 hour. The cells were then incubated at 42°C for 20-30 seconds and 

250 μL SOC (H2O containing 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgSO4 and 20 mM glucose) added. Transformed cells were incubated at 

37°C for 2 hours and dilutions plated onto selective medium. For BL21 DE3 cells, 50 μL 

competent cells and 1μg plasmid DNA were mixed and incubated on ice for 1 hour. The cells 

were electroporated with a single pule at 25 µF, 200 Ω and 2.5 kV and suspended in LB 

medium to recover for 2 hours at 37°C 180 rpm, before being cultured on selective agar 

plates at 37°C overnight. The bacteria was transformed with the desired concentration of 

ligated vector:insert construct according to the following equation: 

𝑛𝑔 𝑣𝑒𝑐𝑡𝑜𝑟 𝑥 𝑘𝑏 𝑠𝑖𝑧𝑒 𝑖𝑛𝑠𝑒𝑟𝑡

𝑘𝑏 𝑠𝑖𝑧𝑒 𝑣𝑒𝑐𝑡𝑜𝑟
 𝑥 

3

1
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3.3.3.2 Colony clone screen 
To screen transformed bacteria colonies for the presence of the gene insert a colony PCR was 

performed. A reaction mix was prepared as described in section 3.3.2, depending on the 

insert being screened for. The template for each PCR reaction was a small amount of bacteria 

picked from a colony and added to the reaction mix using a sterile pipette tip. DNA 

amplification was done using the primers specified in Appendix B to detect the presence of 

mce gene inserts. DNA amplification was performed as described in section 3.3.2 and 

analysed using agarose gel electrophoresis as described in section 2.3.1. 

To further confirm the presence of the insert in the context of a plasmid backbone in E. coli 

strains, E. coli recombinants were cultured as described in section 2.1.3 and plasmid DNA was 

extracted from transformed E. coli using the Qiagen Miniprep Kit. Bacteria were cultured 

overnight to stationary phase (OD600 1.2≤) in 10 m L LB in the presence of the appropriate 

antibiotic. Cells were pelleted at 3000 x g for 10 minutes and the plasmid purified according 

to the manufacturer’s protocol.  Plasmid DNA was eluted in 30 μL nuclease free water and 

stored at -20°C. The purified construct was digested with the appropriate restriction enzymes 

(section 2.3.4) and analysed using gel electrophoresis to investigate the presence of PCR 

products indicative of both the linearised plasmid backbone and the digested sequence 

insert.  

3.3.4 Protein Production 

3.3.4.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 
Protein separations by SDS-PAGE was used to confirm the expression of Mce proteins from 

recombinant E. coli. Samples were prepared by adding an equal volume of 2X loading buffer 

(50 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (w/v) sucrose, 0.0001% (w/v) bromophenol blue) 

with or without 1/50 volumes β-mercaptoethanol. Samples were incubated at 100°C for 10 

15% (w/v) acrylamide resolving gel 

7.5 mL 1M Tris-HCl, pH 8.8 

0.2 mL 10% (w/v) SDS 

1 mL 2% bis-acrylamide (Protogel) 

8.33 mL 30% acrylamide (Protogel) 

3 mL Distilled water 

66.7 μL 10% ammonia persulphate 

16.7 μL TEMED 

 

5% (w/v) acrylamide resolving gel 

0.63 mL 1.5M Tris-HCl, pH 6.8 

0.05 mL 10% (w/v) SDS 

0.35 mL 2% bis-acrylamide (Protogel) 

0.85 mL 30% acrylamide (Protogel) 

3.15 mL Distilled water 

25 μL 10% ammonia persulphate 

12.5 μL TEMED 
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minutes immediately prior to electrophoresis. Gels were cast and electrophoresed using Bio-

Rad Protean II apparatus and gels submerged in running buffer (25 mM Tris-HCl, 192 mM 

glycine, 0.1% (w/v) SDS) for electrophoresis. The following solutions were used: 

3.3.4.2 Coomassie staining 
To stain for total bacterial protein production, the SDS-PAGE gel was incubated with 

Coomassie brilliant stain (BioRad) on a rocking platform for 15 minutes at RT. The gel was 

washed with distilled water for 5 minutes until the supernatant ran clear. Gels were imaged 

using the V750 Pro Epson Dual Lens system.  

3.3.4.3 Western blot  
Transfer of protein to a nitrocellulose membrane was performed using an iBlot2 Gel Transfer 

Device (Life Technologies) at 20 V for 1 minute, 23V for 4 minutes then 25 V for 2 minutes. 

Following transfer, membranes were blocked using PBS-T (phosphate buffered saline, 0.1% 

Tween-20 (v/v)) containing 5% non-fat milk protein for one hour at room temperature. 

Membranes were then incubated with primary antibody diluted in PBS-T for 1 hour at RT. 

Following a 15-minute wash and 2x 5 minute washes in PBS-T, membranes were incubated 

with the secondary antibody diluted in PBS-T for 45 minutes at room temperature. 

Membranes were then washed for 15 minutes in PBS-T and washed 4x for 5 minutes. Blots 

were scanned using a LI-COR C-DiGit Blot scanner and Image Studio software was then used 

to visualise the antigen according to the manufacturer’s instructions.  

3.3.4.4 IPTG induction 
Overnight cultures of Rosetta2 cells containing the recombinant expression plasmids were 

diluted 1:10 in fresh LB broth containing ampicillin and chloramphenicol. The samples were 

cultured at 37°C 180 rpm to an OD600 of 0.6-0.8. To induce Mce protein expression, IPTG 

(isopropyl thio-b-D-galactoside, Sigma) to a final concentration of 0.1 mM was added to the 

culture to induce Mce protein production for 2 hours.  

3.3.4.5 Protein purification 
Post IPTG induction, the bacterial culture was centrifuged at 3000 x g for 10 minutes and the 

supernatant was discarded. The bacterial pellet was then suspended with 5 mL BugBuster 

per gram of wet cell paste to disrupt the cell wall and release soluble protein. The solution 

was incubated on a rocking platform at RT for 20 minutes. Insoluble cell debris and inclusion 

bodies were removed by centrifugation at 16,000 x g for 20 minutes at 4°C. The supernatant 

containing soluble protein was transferred to a fresh tube for protein purification.  
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The C-terminal His-tagged recombinant proteins were captured using Cobalt resin under 

native conditions. To prepare the cobalt resin, 2 resin-bed volumes of equilibration buffer 

(50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole; pH 7.4) was used to 

suspend the resin. This was centrifuged for 2 minutes at 600 x g and the supernatant 

removed. The wash was repeated once more before the BugBuster lysate which contained 

soluble protein was used to suspend the resin. This was incubated for 1 hour at RT, or 

overnight at 4°C in rotating mixer. The tubes were centrifuged at 700 x g for 2 minutes and 

the supernatant removed. This was kept for later analyses to represent unbound protein.  

The resin was suspended with 2 resin bed volumes of equilibration buffer and centrifuged at 

700 x g for 2 minutes. The supernatant was removed and the washes repeated until the 

supernatant absorbance reached baseline at 280 nm according to nanodrop measurements. 

The resin was then suspended in 1 resin bed volume of elution buffer (50 mM sodium 

phosphate, 300 mM sodium chloride, 150 mM imidazole; pH 7.4) and incubated for 5 minutes 

at RT. The sample was centrifuged at 700 x g for 2 minutes and the supernatant aliquot into 

a separate tube. This was repeated twice more for 3 protein elution samples.  

The protein was analysed by SDS-PAGE and western blot as described in section 3.3.4.1 – 

3.3.4.3. 

3.3.4.6 Subcellular fractionation 
Protein production was induced as detailed in section 3.3.4.4 and bacteria equating to 200 

OD600 units were pelleted by centrifugation at 3000 x g 10 minutes. The cytoplasmic and 

membranous fractions of the bacteria were separated as described in section 3.3.4.6. Briefly, 

the pellet was washed with 0.1 volume of TM buffer (20 mM Tris-HCl pH 7.0, 3 mM MgCl2) 

and re-pelleted at 3000 x g for 10 minutes and frozen at -80°C. The pellet was then suspended 

in 3ml of 10 mM Tris-HCl pH 7.0, 25% sucrose (w/v). A cocktail of protease inhibitors was 

added at 5 mL per gram of wet pellet and lysozyme was added to 0.5 mg/mL (w/v) and 

incubated at 37°C for 20 minutes. MgCl2 was then added to a final concentration of 3mM and 

incubated at 37°C for 20 minutes. One volume of 4% Triton-X100 was added and mixed for 4 

minutes before freezing the solution at -80°C and subsequently thawed at 37°C and mixed 

for 1 minute. This freeze-thaw cycle was repeated for a second time before the supernatant 

was removed after centrifuging the sample at 7500 x g for 15 minutes and frozen at -80°C. 

The supernatant was thawed at RT and ultra-centrifuged at 110,000 x g for 1 hour at 5°C to 

pellet the crude outer membranes.  
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The supernatant was stored and represents the cytoplasmic fraction of the bacteria; the 

pellet was resuspended in 0.3 mL TM by bath sonication for 5 minutes. One volume of 4% 

Triton-X100 was added and incubated on ice for 30 minutes before centrifuging at 7500 x g 

for 15 minutes. The supernatant was aliquoted into a separate tube and ultra-centrifuged at 

110,000 x g for 1 hour. The pelleted membranes were suspended in 0.4 mL TM by sonification 

and centrifuged at 7500 x g for 15 minutes. The supernatant containing the outer-

membranes of the bacteria were removed and diluted 4-fold with 5 mM Tris-HCl pH 8.0. The 

outer membranes were pelleted by ultracentrifugation at 110,000 x g for 1 hour. The pellet 

was suspended using sonification in 0.6 mL 5 mM Tris-HCl pH 8.0 and RNase was added to 

0.5 mg/mL (w/v). This was incubated at 37°C for 10 minutes and EDTA was added to 10mM 

and incubated for a further 40 minutes. The sample was then adjusted to 50 mM Na2CO3 and 

1M NaCl and was incubated on ice for 1 hour then incubated at 37°C for 15 minutes. The 

membranes were pelleted at 110,000 x g for 1 ¼ hours and washed by sonication in 0.1 mL 

100 mM Na2CO3 and 1 M NaCl. The sample was incubated on ice for 30 minutes and pelleted 

at 110,000 x g for 1 hour. The pellet was washed again by sonication in 0.1 ml 100 mM Na2CO3 

and 1 M NaCl and re-pelleted as described. 

The final fractions representing the cytoplasm and membrane, cytoplasm alone, and 2 

membrane fractions at different wash periods were selected to analyse by western blot to 

detect the presence of the His-tagged Mce proteins as described in section 3.3.4.3.  

3.3.5 Invasion Assays 

3.3.5.1 Eukaryotic cell culture 
The Madin-Darby Bovine Kidney (MDBK) cell line was cultured and routinely passaged in 

complete Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 1x Sodium 

pyruvate, 5% heat inactivated horse serum (v/v), 2 mM L-glutamine and 1x non-essential 

amino acids (complete DMEM media). Cells were incubated at 37°C and 5% CO2 in a T75 flask 

until it came time to passage. For this, the media was removed and the cells washed with PBS 

3 times. 5 mL of trypsin containing 0.25% EDTA was added to the cells and incubated at 37°C 

for 2-5 minutes. 10 mL complete DMEM media was added to the cell suspension and 

collected into a 50 mL falcon tube. The cells were centrifuged at 400 x g for 10 minutes and 

the supernatant removed. The cells were re-suspended in complete DMEM media diluted 

1:6 and 10 mL was used to seed a fresh T75 flask for incubation at 37°C and 5% CO2. 
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The THP-1 cell line was cultured and routinely passaged in RPMI, supplemented with 1% L-

glutamine (v/v) and 10% heat inactivated foetal bovine serum (v/v) (complete RPMI). To 

passage, the cells were pooled into a falcon tube and centrifuged at 400 x g for 10 minutes. 

The supernatant was removed and the cells re-suspended in complete RPMI. The cells were 

diluted 1:10 and plated in a fresh T75 flask. For THP-1 differentiation into macrophages, cells 

were seeded in 24 well tissue plates at a density of 2.5x105 cells/well in the presence of 200 

nM phorbol 12-myristate 13-acetate (PMA) (VWR, UK) for three days, before being left to 

rest for 2 days in complete RPMI growth media. Cells were incubated at 37°C and 5% CO2. 

3.3.5.2 E. coli recombinant strain preparation 
Recombinant Rosetta2 E. coli strains were cultured from a single colony overnight in LB with 

ampicillin and chloramphenicol at 37°C 180 rpm. Bacterial protein expression was induced 

as described in section 3.3.4.4. Post induction, the bacteria OD600 was normalised to 0.6 using 

a spectrophotometer and 10 mL of each culture was pelleted at 3000 x g for 10 minutes. The 

pellet was re-suspended in 10 mL of the appropriate cell growth media with the addition of 

ampicillin (100 µg/mL), chloramphenicol (35 µg/mL) and 0.1 mM IPTG. The appropriate 

dilution was performed with the cell growth media to generate the correct MOI for 

subsequent infection of cell lines.  

3.3.5.3 MDBK cell invasion assay 
MDBK cells were seeded into 24 well tissue culture plates for infection the following day at 

50-70% confluency as described in section3.3.5.1. The day of the infection, media was 

removed from 3 wells and 100 µL trypsin containing 0.25% EDTA was added. The cells were 

pooled and counted using a haemocytometer to establish the number of MDBK cells/well. 

This was then used to adjust the dilution required to generate the correct MOI in the E. coli 

inoculum.  

For infection with E. coli recombinants, Mce protein was induced as described in section 

3.3.4.4. Media from the MDBK cells was aspirated and replaced with 1 mL bacteria diluted in 

DMEM containing the relevant antibiotics to the appropriate CFU/mL. The plates were 

centrifuged for 50 x g for 5 minutes to pellet the bacteria onto the surface of the cells. The 

plates were incubated at 37°C 5% CO2 for 1 hour before the cells were washed 3 times with 

warm PBS. Fresh complete DMEM growth media was added to the cells and incubated at 

37°C for a further 1 or 5 hours. 
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The media was then removed and the cells were washed 3x in PBS then overlaid with 0.1% 

Triton-X 100 (v/v). Dilutions of the resulting cell suspension were plated onto LB plates 

containing ampicillin and chloramphenicol. Plates were incubated at 37°C overnight and 

colonies counted to enumerate viable bacteria. 

3.3.5.4 THP-1 invasion assay 
THP-1 cells were seeded in 24 well tissue culture plates as described in section3.3.5.1, 5 days 

prior to the day of infection. For infection with E. coli recombinants, Mce protein expression 

was induced as described in section 3.3.4.4. The cell culture medium was completely 

replaced with fresh media 30 minutes prior to infection. The bacteria was diluted in complete 

RPMI containing the relevant antibiotics to the appropriate CFU/mL. Cell growth media was 

replaced with 1 mL of the inoculum and the 24 well plates were then centrifuged at 50 x g 

for 5 minutes before being incubated at 37°C for 1 hour.  

For E. coli recombinant assays, the media was then replaced with complete RPMI containing 

10 µg/mL gentamicin (w/v) and incubated at 37°C for a following 1 hour or 5 hours. Following 

this, the media was aspirated, and the cells lysed with 200 µL 0.1% Triton-X100. E. coli 

recombinants were plated on LB agar containing 100 µg/mL ampicillin (w/v) and 35 µg/mL 

chloramphenicol (w/v) and cultured overnight at 37°C to enumerate viable bacteria in each 

condition.  

3.3.6 Statistical Analysis 
Results are expressed as the mean of 3 biological replicates ± standard deviation (SD). 

Statistical analysis was performed in GraphPad Prism as specified followed by the 

appropriate post hoc test for statistical significance.  
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3.4 Results 

3.4.1 Investigating the effect of environmental conditions on mce expression 

3.4.1.1 Mce expression at different MAP growth phases 
Several publications have suggested that MAP in a stationary phase of growth is 

representative of a stressed environment, mimicking MAP once it has become intracellular. 

These conditions were used to investigate mce4A up-regulation in M. tuberculosis in stressed 

conditions or stationary culture (George et al., 2015; Kumar et al., 2003; Rathor et al., 2013). 

It was hypothesised that MAP in a stationary growth phase may upregulate the expression 

of certain mce genes when compared to MAP in exponential phase of culture. In addition, 

MAP cell surface molecules have been shown to be altered in response to acidic conditions 

and those which mimic the environment of a natural infection. These cell surface molecules 

are likely involved in host-pathogen interaction (Everman et al., 2018), such as the fibronectin 

attachment protein (FAP) which was observed to be upregulated in response to an acidic pH 

(Secott et al., 2001). If mce gene expression was altered in response to the external 

environment it could benefit the design of later infection experiments when attempting to 

characterise the function of these genes. 

As MAP K10 is the MAP reference strain and thought to be lab adapted, it was hypothesised 

that if such a change in gene expression did exist then MAP K10 may not exhibit this. 

Therefore, MAP K10 was compared to a recently isolated clinical field isolate, termed MAP 

C49. Both strains were assessed for their ability to regulate mce gene expression.  

MAP K10 and C49 were cultured to exponential and stationary phase as described in section 

3.3.1 and the RNA isolated as described in section 2.5.1 and 2.5.4. The Agilent AffinityScript 

Multiple Temperature cDNA Synthesis Kit was used to generate cDNA from these samples 

with an accompanying no reverse transcriptase (RT) control for each sample. Primers specific 

for MAP glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping 

gene to analyse for the presence of gDNA using PCR, and MAP K10 gDNA was used as a 

positive control. A “no RT” control was used to confirm the absence of contaminating gDNA 

in the cDNA samples (Figure 3.1). This gene was selected as a housekeeping gene due to 

previous studies identifying this gene and 1g2 as the most appropriate reference genes for 

MAP gene expression (Granger et al., 2004; Pribylova et al., 2011). GAPDH alone was used to 

investigate the absence of contaminating gDNA in the cDNA samples due to its greater 

expression level.  
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Figure 3.1| Representative gel electrophoresis of MAP K10 cDNA samples to confirm the 
absence of genomic DNA from cultures in different growth phases. RNA was isolated from 
3 separate MAP cultures at different OD600 values (0.6 or 1.5), and the cDNA synthesised. No 
RT controls were included for each sample and PCR amplification of gapdh from MAP was 
used to determine the presence of contaminating genomic DNA. Genomic DNA isolated from 
MAP K10 was used as a positive control.  

Primers specific for MAP mce1A, mce1D, mce3C and mce4A were designed to amplify the 

gene from MAP cultures (Appendix A) using Taq polymerase by PCR (section 2.3.2). Primers 

were designed against MAP GAPDH and 1g2 for use as endogenous controls in RT-qPCR as 

has been described previously for MAP qPCR (Granger et al., 2004; Pribylova et al., 2011). 

1g2 is a gene under the control of the P(AN) promoter which is constitutively expressed when 

cloned into E. coli, M. smegmatis (Murray et al., 1992) and when expressed by MAP (Granger 

et al., 2004). The geometric mean of the Ct values was used to compare the Ct values of mce 

genes against (Vandesompele et al., 2002). To generate a standard curve template for each 

gene, primers were designed that flanked the qPCR product. The amplification of a single PCR 

product of the correct size was confirmed using gel electrophoresis and the PCR product 

purified using the Qiagen Gel Extraction Kit according to the manufacturer’s instructions. The 

primer pair efficiencies were calculated from the standard curves generated by RT-qPCR and 

were shown to be within the acceptable range for reliable RT-qPCR quantification (1.9 – 2.1 

to ensure efficient amplification of the target sequence) (Table 3.2). 

Table 3.2| A table of the PCR efficiencies for all primers used in RT-qPCR analysis.  
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Upon RT-qPCR analysis as described in section 2.6.1 – 2.6.2, expression of mce1A was shown 

to be significantly down-regulated in MAP C49 at the stationary phase of growth compared 

to the exponential phase (Figure 3.2). This is likely an indication that mce1A expression is 

likely to be more important for MAP in the initial phases of infection to gain entry to host 

cells, unlike in later stages of infection when the bacteria are intracellular and under stressed 

conditions.  

Interestingly, MAP K10 does not share this phenotype and a stable level of mce1A expression 

is observed between growth phases (Figure 3.2). This may indicate that serial passaging has 

caused MAP K10 to lose the ability to regulate mce1A expression, further supporting the 

premise that it has become lab-adapted.  

Similarly, MAP K10 mce1D expression remains stable between exponential and stationary 

growth phases. A decrease in the expression levels of mce1D at stationary phase of growth 

in MAP C49 is observed compared to the exponential phase, but this is not statistically 

significant (Figure 3.2). No other mce gene investigated shows significant variation in their 

expression level between different phases of growth, indicating these genes are stably 

expressed in both the “ideal” conditions of exponential growth and the “stressed” conditions 

in stationary phase.  

Overall the expression level of these mce genes remains low, and any variation observed 

between their expression levels at different phases of culture are small. This is likely due to 

the trans-membranous nature of these proteins which may cause membrane instability if 

these proteins are too highly or lowly expressed. Therefore, any variation in mce gene 

expression is likely to be tightly regulated to maintain bacterial viability.  

Variation in mce gene expression was more prominent in MAP C49 than MAP K10, which may 

indicate that investigating the function of mce genes in the context of MAP C49 may be more 

relevant to the field. 
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Figure 3.2| Regulation of MAP mce gene expression in exponential and stationary phases 
of growth. The expression of mce genes was determined by RT-qPCR and calculated as fold 
change relative to the expression of gapdh and 1g2 as endogenous reference genes. Total 
RNA was isolated from 3 separate cultures of MAP K10 and C49 cultured to an OD600 0.6 or 
1.2<, for exponential and stationary phase of growth respectively. Data presented as mean 
from 3 separate cultures ±SD. Statistical analysis performed using a 1-way ANOVA followed 
by a post hoc Tukey’s test. P<0.05 = *. 
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Finally, mce gene regulation in MAP upon exposure to an acidic environment was assessed 

(section 3.3.1). MAP K10 and C49 were exposed to a pH 3.0 media for 2 hours in an attempt 

to replicate the stomach environment the bacteria would experience prior to reaching the 

bovine intestine. Other researchers have exposed MAP to pH 2.0 media through the 

introduction of buffers for various lengths of time from 2 minutes to several hours (Pribylova 

et al., 2011; Dalton et al., 2013). Typically, the bovine stomach is at a pH 2.0 when it is empty 

which would lead to the passage of food through the stomach within an hour. If the stomach 

is full, the pH of the stomach can increase to 3.0. As the most common route of infection is 

oral from the ingestion of contaminated foodstuffs such as milk and colostrum, it could be 

assumed that the stomach is likely to be full when MAP is ingested, causing a higher pH and 

longer transit time before MAP reaches the intestine.  

To guarantee the sterility of MAP growth media and prevent the introduction of foreign 

buffers which could not be included in the non-acidic 7H9 media control, separate 7H9 

medium was prepared to pH 3.0. Upon reaching an OD600 in standard culture conditions, the 

MAP culture was pelleted and re-suspended in the standard non-acidic 7H9 media, or in pH 

3.0 7H9 media. A sample of the culture was immediately taken and the RNA isolated and 

DNase treated (section 2.5.5). The remaining culture was incubated for a further 2 hours at 

37°C 100 rpm. After this, RNA was isolated from the culture and be DNase treated.  

The Agilent AffinityScript Multiple Temperature cDNA Synthesis Kit was used to generate 

cDNA from these samples with an accompanying no reverse transcriptase (RT) control for 

each sample. Primers specific for MAP GAPDH was used as a housekeeping gene to analyse 

for the presence of genomic DNA using PCR, and MAP C49 genomic DNA was used as a 

positive control. A “no RT” control was used to confirm the absence of contaminating 

genomic DNA in the cDNA samples (Figure 3.3). 
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Figure 3.3| Representative gel electrophoresis of MAP C49 cDNA samples to confirm the 
absence of genomic DNA from cultures exposed to pH 3.0 acidity. RNA was isolated from 3 
separate MAP cultures upon exposure to 7H9 media or pH 3.0 7H9 media for 0hr or 2 hrs at 
37°C. The cDNA was synthesised and no RT controls were included for each sample. PCR 
amplification of MAP gapdh was used to determine the presence of contaminating genomic 
DNA. 

 

Upon performing RT-qPCR, the Pfaffl method was used to calculate the fold change of mce 

gene expression of 0hr and 2hrs incubation point using the geometric mean of the 

endogenous controls. The 0hr time point was used to control for the effect of pelleting and 

re-suspending the culture in either standard 7H9 media, or 7H9 media adjusted to a pH3.  

To compare the fold changes in gene expression between both media condition and strain, 

the mce gene expression was normalised to the 0 hour controls which represented the 

baseline level of mce expression. Both mce1A and mce1D were upregulated upon exposure 

to acidic pH after 2 hours in both K10 and C49 (Figure 3.4). Neither mce3C nor mce4A were 

significantly up- or down-regulated upon exposure to acidic pH. Interestingly, for both mce1A 

and mce1D, MAP C49 upregulated the mce genes significantly more than the reference strain 

MAP K10 (Figure 3.4).  

The upregulation of MAP mce1A and mce1D genes in response to acidic pH is consistent with 

the hypothesis that these genes may act as adhesins and aid the attachment and invasion of 

mammalian cells, as similar findings have been observed for other proteins that aid MAP 

attachment to host cells (Secott et al., 2001).  
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Figure 3.4| Regulation of MAP mce expression upon exposure to an acidic pH. The 

expression of mce genes was determined by RT-qPCR and calculated as fold change relative 

to the expression of gapdh and 1g2 as endogenous reference genes. Total RNA was isolated 

from 3 separate cultures of MAP K10 and C49 cultured to an OD600 0.6 and pelleted to be 

resuspended in standard 7H9 media or pH3.0 7H9 media. Total RNA was isolated from the 

samples at 0hr incubation and post 2hr incubation at 37°C. Data presented as the mean of 

the fold change in gene expression from 3 separate cultures ±SD. Dashed line represents basal 

mce gene expression. Statistatical analysis performed using a 2-way ANOVA followed by a 

post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; P<0.001 = ***; P<0.0001 = ****. 

MAP has previously been observed to be resistant to acidic exposure, in likelihood as a 

protective measure against the hostile bovine stomach environment (Hill et al., 2013). The 

cultures of MAP K10 and C49 were plated on 7H10 agar to assess the ability of the bacteria 

to survive in pH 3.0 7H9 media for 2 hours. The strains survived to densities of 107 to 108 

CFU/mL which is consistent with previously published data (Hill et al., 2013). However, this 

represents a significant decrease in viable bacteria compared to the bacteria exposed to non-

acidic media as only 41.6% and 9.4% of the starting CFU for MAP K10 and C49 respectively 

survived (Figure 3.5).  

 

Figure 3.5| CFU/ml values of MAP cultured in acidic 7H9 media. MAP was cultured to an 
OD600 0.6 and pelleted. The pellet was re-suspended in 7H9 growth media that was either the 
standard pH or pH 3.0 and cultured at 37°C 100 rpm for 2 hours. The cultures were then 
diluted and plated onto 7H10 agar and incubated at 37°C for up to 6 weeks. A) MAP K10 CFU 
values; B) MAP C49 CFU values. Data analysed using Student’s unpaired T-test. P<0.05 = *; 
P<0.01 = **; P<0.001 = ***; P<0.0001 = ****.  
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In our hands, MAP K10 is capable of being cultured to higher densities of viable bacteria (5 x 

108 CFU/mL) at OD600 0.6 in 7H9 media in vitro compared to MAP C49 (1.23 x 108 CFU/mL) 

when not exposed to acidic conditions. This is not unexpected due to the ease of laboratory 

culture of MAP K10, indicating some level of adaptation to in vitro culture. Interestingly, the 

decrease in the number of viable MAP C49 was much greater than that observed for MAP 

K10 when exposed to acidic media. This dispelled the assumption that MAP C49 would be 

more resistant as exposure to acidity is part of the natural infection route in the ruminant 

stomach. This may indicate MAP K10 retains this characteristic of clinical MAP isolates 

despite pro-longed laboratory culture and may even be more resistant to acidic in vitro 

culture compared to more clinically relevant isolates.   

Overall, several intriguing differences were found in the expression of mce genes upon 

exposure to stressful culture conditions, including the downregulation of mce1A in MAP C49 

cultures at stationary phase (Figure 3.2) and upregulation of mce1A and mce1D by both MAP 

strains upon exposure to acidic environments (Figure 3.4). No major differences in the 

expression of mce3C and mce4A were observed. Upregulation of several of the MAP mce 

genes is indicative of a role in attachment and invasion of the bacteria to host cells. 

Therefore, the function of these mce genes in the attachment and invasion of mammalian 

host cells was investigated next.  
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3.4.2 Generation of E. coli recombinants expressing Mce protein 

3.4.2.1 Cloning of mce genes 

The amino acid sequence alignments revealed M. avium complex Mce proteins and the 

individual homologues of M. tuberculosis shared 56.2% to 85.5% homology (Haile et al., 

2002). This level of similarity between the proteins may indicate that the function is also 

shared between M. tuberculosis and members of the MAC such as MAP. As various mce genes 

from these operons have been shown to promote M. tuberculosis uptake into mammalian 

cells (Arruda et al., 1993; Senaratne et al., 2008; Zhang et al., 2018), and mce1A has been 

shown to aid the infection of mammalian epithelial cells by both M. bovis (Flesselles et al., 

1999) and M. leprae (Fadlitha et al., 2019), it was hypothesised mce genes expressed by MAP 

may be important for the initial host-pathogen interaction.  

Primers were specifically designed against mce1A, mce1D, mce3C and mce4A (Appendix B) 

to amplify these genes from MAP K10 genomic DNA, and to introduce NdeI and XbaI 

restriction enzyme sites on the 5’ and 3’ ends of each fragment respectively for the insertion 

into the expression vector pET-21b(+) (Figure 3.6).  
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Figure 3.6| A schematic to demonstrate the cloning of a mce gene into a plasmid. 
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M. tuberculosis H37Rv reference strain was used to amplify mce1A from its genomic DNA 

(mtb1A) as a positive control for the attachment and invasion experiments. Genes were 

amplified by PCR using the conditions listed in section 3.3.2, and the products resolved on a 

1.2% agarose gel by electrophoresis. PCR products of the expected size were visualised using 

an UV transilluminator apparatus (Figure 3.7). 

Figure 3.7| Representative gel electrophoresis demonstrating PCR amplification of mce 
genes. The mtb1A gene was amplified from M. tuberculosis H37Rv genome, the MAP mce 
genes were amplified from the MAP K10 genome and loaded into a 1.2% agarose gel. mtb1A 
(1.37bk), map1A (1.3kb), map4A (1.14kb) and map3C (1.18kb) were isolated from this gel and 
purified. Red arrows indicate PCR products of the correct size for each gene.  

 

The PCR products were cut from the agarose gel and DNA purified from the gel as described 

in section 2.3.3. The purified PCR product and pET21b(+) plasmid were then digested with 

XbaI and NdeI endonucleases to create complementary sticky ends and incubated at 37°C for 

2 hours with T4 ligase to incorporate the mce gene into the vector (Figure 3.6). 

 

3.4.2.2 Transformation of non-invasive E. coli with ligation reactions 
To amplify the vector and mce gene insert construct, E. coli were transformed with the 

plasmid containing a mce gene insert as described in section 3.3.3.1. pUC19 plasmid was used 

as a positive control to analyse transformation efficiency, and a ‘no ligase’ sample was used 

as a negative control. Colonies were cultured at 37°C overnight on LB plates containing 

ampicillin to select for E. coli transformed with the pET21b(+) vector. Several colonies were 

selected to perform a PCR clone screen to test for the presence of the mce gene as described 

in section 3.3.3.2 (Figure 3.8). 
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Figure 3.8| A PCR Clone Screen of E. coli colonies for the presence of map1D. E. coli colonies 
from the transformation reaction were selected for PCR clone screening using the colony as 
the template for the PCR reaction. Samples were run on a 1.2% agarose gel and analysed for 
PCR products at the correct size (map1D 1.6kb). The positive control is the PCR using MAP K10 
genomic DNA as the template. Figure is representative of PCR clone screens conducted for the 
other mce genes investigated. 

 

From the colonies which were confirmed to contain a PCR product of the correct size for each 

mce gene, several were selected for further analysis. Colonies observed to contain the 

correct mce gene insert from PCR amplification were selected to be cultured overnight in LB 

broth containing ampicillin. The plasmid was purified using the Qiagen Miniprep Kit and 

digested with XbaI and NdeI restriction enzymes which were incorporated into the 5’ and 3’ 

ends of the gene fragment respectively. The digested product was separated on a gel with a 

vector-only control and purified vector with each of the endonucleases. Successful 

transformants show a DNA product at ~5.4kb representing the linearised plasmid and 

another product at ~1.1kb – ~1.6kb representing the excised mce gene (Figure 3.9). Plasmids 

containing the correct sized PCR product for each mce insert were then sequenced to ensure 

no mutations had occurred. 
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Figure 3.9| Purified pET21b(+) vector containing map1D gene insert from transformed E. 
coli. Colonies shown to contain the mce gene insert from a PCR clone screen were selected for 
restriction digest analysis. The vector containing mce insert was purified and digested with 
NdeI and XbaI. An empty vector was purified and digested with NdeI alone, XbaI alone or left 
undigested used as controls. Several colonies contained both the vector (PCR product at 
5.4kb) and the mce1D gene insert (1.6kb). The same restriction digest screen was carried out 
for all mce gene inserts.  

 
The cloning of map1A required several rounds of PCR optimisation and transformation of 

various E. coli strains. Briefly, map1A was isolated from a successful PCR amplification 

reaction. An A-tail was added to the blunt 3’ end of the PCR product for ligation into the 

pGEM-Teasy vector as described in section 3.3.3. NEB5-α competent E. coli were transformed 

with the ligation mixture and was confirmed to contain the recombinant vector using a 

colony PCR clone screen and restriction digest of the purified plasmid. The recombinant 

plasmid was purified from an overnight culture of the bacteria using a Qiagen Miniprep kit. 

The product was digested and the PCR product representing map1A was purified using the 

Gel Purification Kit from Qiagen and digested with XbaI and NdeI endonucleases. The 

digested gene was ligated into the pET21b(+) vector with complementary sticky ends as 

described in section 2.3.4, and the mce insert was confirmed to be correct by sequencing.  

Mce protein expression 

Electrocompetent E. coli BL-21 (DE3) were transformed with the recombinant pET21b+ 

vectors via electroporation for expression studies. The site of gene insertion in the plasmid 

generated a His-tagged Mce protein when expression was induced with IPTG. Following SDS-
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PAGE and western blot, protein expression was not detected with anti-His-tag monoclonal 

antibody. It was hypothesised that the high GC content of the Mycobacterium genes created 

codon bias which limited the capability of E. coli to translate the mce genes.  

To combat this Rosetta2 (BL-21) E. coli strain was selected as the expression host. This 

strain contains a plasmid encoding 7 rare tRNAs maintained with chloramphenicol 

antibiotic, which was hoped to supply the rare tRNAs for Mycobacterial protein expression. 

Rosetta2 cells were transformed with the recombinant pET21b+ vector as described in 

section 3.3.3.1, and the presence of the plasmid containing the required gene insert was 

confirmed using a colony PCR clone screen (Figure 3.10 A) and restriction digest (Figure 

3.10 B), as described in section 3.3.3.2.  
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Figure 3.10| Clone screen of Rosetta2 transformants with vectors containing either mtb1A 
or map1D gene insert. A) E. coli colonies from the transformation reaction were selected for 
PCR clone screening using the colony as the template for the PCR reaction. PCR product 
observed at 1.37kb for mtb1A or 1.6kb for map1D indicated a successful transformation. The 
positive control (PC) is M. tuberculosis or MAP K10 genomic DNA as the template for each set 
of primers. Each primer pair has a no template control (NTC). B) Colonies PCR positive for the 
mce gene were selected for plasmid purification and restriction digest screening with NdeI 
and XbaI. Black arrows indicate the presence of a gene insert of the correct size (mtb1A = 
1.37kb, map1D = 1.6kb). Red arrows indicate the linearised vector (5.4kb). DNA products 
larger than this are likely to be undigested vector containing the mce gene insert or the second 
plasmid present in the Rosetta2 E. coli which encodes 7 rare tRNAs. The same restriction 
digest screen was done for all mce gene inserts. Samples were separated by electrophoresis 
on a 1.2% agarose gel. 
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Upon confirmation of a colony containing the correct mce gene insert and vector construct 

by PCR and restriction enzyme clone screening, the vector construct was purified using the 

Qiagen Miniprep Kit according to manufacturer’s instructions. The DNA isolated was 

confirmed to be of good quality using Nanodrop technology and diluted to 5 µL of 100 ng/µL. 

This was sent off for sequencing by Source Bioscience using the commercially available T7 

forward and reverse primers. The sequence for all the mce genes investigated was confirmed 

to be correct and contain no mutations upon alignment with the gene sequence used as a 

template in Clustal Omega software. 

To induce protein expression, 10 mL cultures of transformed Rosetta2 cells were cultured 

overnight at 37°C with the relevant antibiotics, a 1:10 dilution was prepared and protein 

expression was induced with IPTG. The cells were then pelleted and lysed in BugBuster for 

20 minutes. Optimisation of protein expression was needed for each protein to determine 

the conditions required for Mce protein expression. The different conditions trialled for 

optimal expression of each Mce protein are explained in Table 3.3.   
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Table 3.3| A table to show the various conditions tested for optimal Mce protein 
expression. 
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Protein was purified and eluted using cobalt resin for each Mce protein as described in 

section 3.3.4.5 and is demonstrated using Mce3C in Figure 3.11. Samples were taken at 

various stages through this process to detect protein expression by Coomassie staining as 

described in section 3.3.4.2 (Figure 3.11 A), and Western Blot with anti-His as described in 

section 3.3.4.3 (Figure 3.11 B) using antibodies outlined in Appendix C. Coomassie stain of 

these same samples did not indicate a high level of protein expression upon comparison 

between the induced and non-induced whole cell lysate (lane 1 and 14 respectively). This 

indicated a small level of protein was produced by the E. coli. Mce protein was shown to bind 

to the cobalt resin via the His-tag (lane 4), although a significant amount remained in the 

bacterial lysate unbound to the resin (lane 5). Subsequent washes of the resin removed the 

majority of the protein and only small quantities were eluted.  
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Figure 3.11| Representative immunoblot analysis of purified Mce3C protein. A 1:10 dilution 
was performed from an overnight culture of recombinant E. coli clones and cultured to an 
OD600 of 0.6. Protein production was induced with 0.1 mM IPTG for 2 hours at 37°C and the 
sample treated with BugBuster before using cobalt resin to purify the protein according to 
manufacturer’s instructions. Samples from various stages of the purification process were 
taken to monitor the quality and quantity of protein production. Mce proteins were separated 
by SDS-PAGE and electro-transferred to a nitrocellulose membrane. A) Coomassie staining of 
Mce3C protein elution from E. coli. B) Rabbit monoclonal anti-His tag antibody was used to 
detect the Mce fusion proteins at 1:1000 dilution. Lane 1 – whole cell lysate; 2 - soluble 
protein; 3 – insoluble protein; 4 – resin-bound protein; 5 – supernatant post resin purification; 
6 – elute #1; 7 – elute #2; 8 – elute #3; 9 – resin post elute; 10 – non-induced control. Numbers 
on the left indicate Molecular weight of individual standard proteins in the ladder (kDa). 
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The purification of Mce protein using cobalt resin was attempted with the aim of coating 

fluorescently labelled latex beads with equimolar concentrations of the different Mce 

proteins. Binding and uptake of the beads could then be visualised and quantified by confocal 

laser scanning microscopy. Using this method would also control for differences in growth 

viability of the bacterial expression strains and surface distribution of the protein. However, 

the low Mce protein production and large proportion of protein which remained bound to 

the His resin after elution (Appendix D) meant protein purification was not a feasible method 

of investigating MAP Mce protein function. It was concluded the most appropriate method 

to investigate the function of Mce proteins as adhesins for MAP was to use the non-invasive 

E. coli expression host in invasion assays.  

3.4.3 Assessing the viability of recombinant E. coli as Mce expression hosts for 

MAP Mce proteins 

3.4.3.1 E. coli recombinant survival 

To confirm the viability of the recombinant E. coli strains were not affected by the 

production of the Mce protein, growth curves were performed on all strains using the 

conditions used for optimal protein production. IPTG stimulation induced protein 

production when the strains reached an OD600 of 0.6 at approx. 80 minutes incubation 

(Figure 3.12 A). All mutants demonstrate similar CFU/mL values to the empty vector control 

within 4 hours post induction, indicating that Mce protein production does not significantly 

affect the viability of the bacteria within this time frame (Figure 3.12 B). While not 

significant, several E. coli recombinants had decreased viability 6 hours post protein 

induction, including the E. coli expressing Mce1D, Mce3C and Mce4A protein. Further, all E. 

coli recombinants expressing Mce proteins had altered colony morphology 6 hours post-

induction (Figure 3.13). This has previously been shown upon expression of MAP1203 

protein by M. smegmatis, and has been assumed to result from the localisation of the 

protein in the bacterial membrane (Everman et al., 2018). For this reason, it was decided 

the E. coli strains expressing Mce proteins would be used to infect eukaryotic cells for a 

maximum of 4 hours. 
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Figure 3.12| Growth curves of recombinant E. coli mutants upon induction of Mce protein 
expression. 1:10 dilution was performed from an overnight culture of recombinant E. coli 
clones and cultured at 37°C. OD600 A) and CFU/mL B) values were taken at the indicated times, 
and protein production was induced with 0.1 mM IPTG upon an OD600 value of 0.6 being 
reached. Bacteria were cultured on LB agar containing the relevant antibiotics and cultured 
overnight at 37°C for CFU/mL analysis. Results were gained from 3 biological replicates. 
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Figure 3.13| Colony morphology of recombinant E. coli mutants post Mce protein 
expression. E. coli mutants expressing Mce proteins displayed multiple colony sizes compared 
to the empty vector control 6 hours post IPTG induction (large colonies indicated with red 
arrows, small colonies indicated with black arrows).  

3.4.3.2 Mce protein localisation 
As Mce proteins are transmembranous in MAP, their localisation to the cell membrane in E. 

coli was confirmed using enzymatic subcellular fractionation as described in section 3.3.4.6. 

The cytoplasmic fraction of the bacteria was separated from the membrane via 

ultracentrifugation, and an anti-His western blot on the separate fractions was performed 

for all mce E. coli mutants (Figure 3.14). DnaK is a protein known to localise to the cytoplasm 

in E. coli and was used to demonstrate separation of the cytoplasmic and membranous 

fractions (Appendix C). All Mce proteins were shown to be present in the cell membrane 

fraction, which was clearly separated from the cell cytoplasm fraction by either wash 1 or 2.   

From this, the E. coli mutants were shown to be a good candidate for Mce protein expression 

in invasion assays. To limit the effect of reduced viability after long-term IPTG stimulation, 

the mutants would be exposed to IPTG for 2 hours prior to cell infection, and then for one 

more hour during cell infection. The growth media would then be completely replaced with 

media that did not contain IPTG.  

E. coli_pET21b(+) E. coli_Mtb1A E. coli_MAP1A 
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Figure 3.14| Western blot of E. coli strains expressing Mce protein after subcellular 

fractionation. E. coli clones were induced with 0.1 mM IPTG to produce their respective Mce 

protein for 2 hours at 37°C. The bacteria was then separated into fractions of the cell 

membrane and cytoplasm, the cytoplasm alone and 2 separate washes of the cell membrane. 

The fractions were separated by SDS-PAGE and electro-transferred to a nitrocellulose 

membrane. Rabbit monoclonal anti-His antibody was used to detect the His-tagged Mce 

protein to determine its location in the bacteria. Rabbit monoclonal anti-DNAK antibody was 

used as an E. coli cytoplasmic control. Numbers on the left lane indicate Molecular weight of 

protein standards in the ladder (kDa). 
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3.4.4 Investigating the function of MAP Mce proteins 
MDBK cells, a bovine kidney epithelial cell line, were used to investigate attachment and 

invasion of the E. coli recombinants expressing MAP Mce protein compared to a vector-only 

control as described in section3.3.5.3. MDBK cells were infected with the E. coli recombinants 

for 1 hour at 37°C at an MOI of 20:1. The cells were then washed thoroughly with PBS to 

remove non-adherent bacteria, and overlaid with fresh culture media. Cells were incubated 

at 37°C 5% CO2 for a further 1 or 5 hours to have a total infection time of 2 hours and 6 hours 

respectively. The cells were washed thoroughly with PBS before the cells were lysed and 

plated onto LB agar plates containing the relevant antibiotics.  

In the absence of antibiotic, extracellular bacteria would not be killed using this method, and 

so the ability of the Mce proteins to aid attachment to the cell surface could be assessed 

using the lysate from the first 2 hours of infection. If the bacteria was internalised quickly, 

this could be analysed using confocal imaging at this time point to observe intracellular 

bacteria. The attachment, invasion and intracellular survival of the recombinant bacteria 

expressing Mce protein could be assessed using the lysate and confocal imaging after 6 hours 

incubation. In all cases, an empty vector control was used to assess a basal level of E. coli 

present that is not due to attachment or uptake as there is no specific adhesion expressed. 

The M. tuberculosis Mce1A protein was used as a positive control as this has previously been 

observed to aid intracellular attachment and survival in similar assays (Arruda et al., 1993), 

which was reproduced in this study as significantly more bacteria were recovered at 2 and 6 

hours post-infection as expected (Figure 3.15). For all E. coli expression hosts the number of 

E. coli present decreased from 2 hours to 6 hours infection. This indicated that a proportion 

of the bacteria had been internalised in the endosomal compartment and killed by cell-

mediated mechanisms over the course of infection (Figure 3.15 B).  

The MAP Mce1D protein expressed by E. coli allowed significantly more bacteria to attach 

and invade the cells within the first 2 hours of infection. This was at similar levels to the E. 

coli recombinant expressing the M. tuberculosis Mce1A protein acting as the positive control 

(Figure 3.15 A). By 6 hours post infection E. coli expressing Mce1D were not present in 

significantly higher numbers compared to the empty vector control (Figure 3.15 B). This may 

indicate mce1D aids the initial attachment and uptake of MAP in epithelial cells, but does not 

aid intracellular survival. The function of this gene as an epithelial cell adhesin is further 
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supported from previous research that observed a significant reduction in the attachment of 

MAP to MDBK cells upon mutating this gene (Alonso-Hearn et al., 2008).  

Using immunofluorescence (IF) confocal microscopy (section 2.4.3), E. coli expressing M. 

tuberculosis Mce1A, MAP Mce1D or Mce3C protein, were observed to be intracellular by 2 

hours post infection (Figure 3.16) using antibodies outlined in Appendix C. E. coli expressing 

MAP Mce1A and Mce4A were observed on the surface of MDBK cells, unlike the empty vector 

control, which were occasionally observed attached to the culture plate surface but not to 

MDBK cells. The same phenotype observed at 2 hours for E. coli expression hosts was also 

observed 6 hours post-infection but with fewer bacilli present.  

However, due to the low number of images taken of these infection events quantification of 

the ability of the recombinant E. coli to infect MDBK cells could not be performed.  
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Figure 3.15| Attachment and survival of E. coli recombinants in MDBK cells. Mce protein 

expression was induced in E. coli recombinants with 0.1 mM IPTG for 2 hours at 37°C and used 

to infect MDBK cells at MOI 20. Cells were washed at 1 hour post infection and incubated for 

a further 1 or 5 hours. Cell lysates were plated for CFU analysis at 2 hours post infection A); 

and at 6 hours post infection B). Error bars presented as SEM of four biological replicates each 

performed with three technical repeats. Statistical analysis performed as a one-way ANOVA 

followed by a post hoc Dunnett’s test. P< 0.05 =*; P<0.001 =**; P<0.0001=***.  
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Figure 3.16| IF staining of MDBK invasion assay with recombinant E. coli. The attachment 
and invasion of recombinant E. coli expressing Mce protein was visualised using IF staining 
and confocal microscopy at 2 and 6 hours post-infection. The cells were stained for nuclei 
(DAPI, blue), F-actin (Phalloidin, green) and anti-E. coli antibody (red). Scale bar = 20 µm. 
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THP-1 cells, a human phagocytic cell line, were used to investigate increased uptake and 

intracellular survival by the E. coli recombinants. These cells are a monocytic cell line that 

exist in suspension, but can be differentiated into an adherent macrophage-like state with 

phorbol 12-myristate-13-acetate (PMA) stimulation (Starr et al., 2018).  

This experimental design acted to recapitulate work done by Saini et al. 2008 who 

demonstrated the function of M. tuberculosis Mce4A using a similar method, and it was 

hypothesised a phagocytic cell line may highlight the function of other Mce proteins when 

compared to a vector-only-control. THP-1 cells were infected for 1 hour at 37°C with an MOI 

of 10 for each recombinant E. coli strain. The inoculum was then replaced with media 

containing gentamicin for a further 1 or 5 hours, killing the extracellular bacteria. The 

infection was monitored by the CFU/well in the eukaryotic cell lysate (Figure 3.17) and 

confocal imaging of cells (Figure 3.18).   

E. coli expressing either the M. tuberculosis or the MAP Mce1A protein were present in 

significantly higher numbers than the vector only control (p<0.05) (Figure 3.17 A). Expression 

of MAP Mce1D, Mce3C and Mce4A did not significantly increase the initial uptake of E. coli 

by THP-1 cells. This trend was consistent by 6 hours post infection, as the Mce1A protein 

expressing recombinants were present in significantly higher numbers than the vector only 

control (Figure 3.17 B). This may indicate that these proteins are involved both in the initial 

uptake of MAP by phagocytic cell, but also in aiding intracellular bacterial survival. 
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Figure 3.17| Uptake and survival of recombinant E. coli by THP-1 cells. Mce protein 
expression was induced in E. coli recombinants 0.1 mM IPTG for 2 hours at 37°C and used to 
infect THP-1 cells at MOI 10. Cells were incubated with media containing 10 µg/mL 
gentamicin after 1 hour infection and incubated for a further 1 or 5 hours. Cell lysates were 
plated for CFU analysis at 2 hours post infection (n=4) A); and at 6 hours post infection (n=3) 
B). Error bars presented as SEM of the specific number of biological replicates each performed 
with three technical repeats. Statistical analysis performed as a one-way ANOVA followed by 
a post hoc Dunnett’s test. P< 0.05 =*; P<0.001 =**; P<0.0001=***. 
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The E. coli recombinants were all confirmed to be intracellular at both time points using IF 

microscopy. This confirmed the bacteria is being actively phagocytosed by the cells and is not 

attached to the glass coverslip (Figure 3.18). At 2 hours post infection there were no obvious 

differences between E. coli recombinants and the vector only control in the number of 

infected cells or the level of infection within each cell.  

By 6 hours post-infection there were fewer bacteria recovered from all recombinants 

compared to 2 hours post-infection. This is reflected in the IF microscopy which 

demonstrates few cells with remaining intracellular bacteria. E. coli expressing Mce1A 

derived from both M. tuberculosis and MAP seem to have maintained infection in a greater 

number of cells than the other recombinants. This may be due to the Mce protein conferring 

host evasion mechanisms to the E. coli or that these 2 recombinant strains were able to infect 

more cells in a culture, rather than proliferation of bacteria or increased infection of a single 

cell.  

Due to the low number of images taken for each recombinant E. coli infection, quantification 

of the images to demonstrate differences between Mce protein expression could not be 

performed.  
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Figure 3.18| Confocal images of THP-1 cells infected by recombinant E. coli expressing Mce 
protein. The uptake of recombinant E. coli expressing Mce protein was visualised using IF 
staining and confocal microscopy at 2 and 6 hours post-infection. The cells were stained for 
nuclei (DAPI, blue), F-actin (Phalloidin, green) and anti-E. coli antibody (red). Scale bar = 20 
µm. 
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Together, these results show MAP Mce1D increased the initial attachment of E. coli 

recombinants to MDBK cells, but does not aid the intracellular survival of the bacteria in this 

cell type. E. coli expressing MAP Mce1A significantly increased the initial uptake of the 

bacteria by 2 hours in THP-1 cells, in addition to the increased survival 6 hours post infection. 

Neither protein conferred increased attachment of the recombinant E. coli in both cell lines. 

This is likely an indication that these proteins enable MAP to target multiple cell types within 

the host and are not redundant to each other despite their high level of protein homology.   

From the current data it can be concluded that MAP Mce1D likely aids attachment and 

invasion of MAP to host epithelial cells while Mce1A may aid attachment and invasion of 

phagocytic cells, and MAP Mce3C and Mce4A does not contribute to the attachment of MAP 

to the mammalian cells studied here. These proteins may have an alternate function 

unrelated to host cell attachment and invasion such as acting as ATPase lipid transporters 

(Casali & Riley 2007), or may aid intracellular survival in a stress environment but not the 

initial attachment and invasion of the host cell.  
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3.5 Discussion and Conclusion 
Mce proteins have been shown to be used by other Mycobacterial species, such as M. 

tuberculosis, M. bovis and M leprae, to attach and invade host epithelial cells. Mce proteins 

expressed by M. tuberculosis were observed to elicit an immune response from the infected 

animal (Takenami et al., 2016) and epitopic regions in the protein sequence have been 

identified (Harboe et al., 2004). That, coupled with transmembranous domains, indicate 

these proteins are expressed on the surface of Mycobacteria and are recognised by the host. 

If these proteins share similar functions in MAP, it may make them potential targets for 

therapies aimed at preventing MAP infection through the use of antibodies used to block 

mce-mediated bacterial binding.  

In this chapter, four mce genes expressed by MAP have been investigated for their role in the 

initial host-pathogen interaction. The effect of environmental conditions on the regulation 

of mce genes was investigated as Mycobacteria have developed several strategies to infect 

the host, some of which include the upregulation of adhesins expressed on the bacterial cell 

surface upon exposure to environmental conditions which mimic those experienced in vivo 

and during specific times during the infection. These include high acidity (Secott et al., 2001), 

hypoxia, high osmolarity (Bannantine et al., 2003) and passage through epithelial cells (Patel 

et al., 2006).  

It was hypothesised mce genes involved in the initial interaction between MAP and the host 

intestinal lining may be upregulated upon exposure to acidic conditions as this was observed 

for the FAP which aids MAP attachment to M cells (Secott et al., 2001; Secott et al., 2004). 

Secondary to this, it was hypothesised that the MAP K10 reference strain may show a 

decreased ability to regulate gene expression under conditions which mimic the in vivo 

environment as it is likely to have undergone lab adaptation due to its high passage number 

(discussed in chapter 5).  

The upregulation of mce1A and mce1D by both MAP strains in acidic conditions indicate 

these genes are involved in the host-pathogen interaction as this mimics environmental 

conditions the bacteria would encounter in an in vivo infection. MAP C49 upregulated both 

genes significantly more than MAP K10, which may indicate that the reference strain is less 

able to upregulate genes which are involved in host-pathogen interaction. The lack of 

significant changes in the regulation of mce3C or mce4A by MAP may indicate that these 
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genes are not involved in the initial host-pathogen interaction which is consistent with the 

invasion assay data from the E. coli recombinants.  

Using the E. coli expression hosts, expression of mce1A or mce1D were observed to increase 

the initial attachment and invasion of E. coli recombinants expressing the Mce protein in THP-

1 and MDBK cells respectively. This provides evidence that MAP may use these proteins to 

infect the host in the initial host-pathogen interaction. The invasive phenotype for each Mce 

protein was observed in specific cell lines, which may indicate their specificity for certain cell 

targets. This is particularly interesting as it is hypothesised the initial cell tropism displayed 

by MAP may influence the outcome of disease. Therefore, the identification of adhesins 

expressed by MAP which contribute to cell tropism enhance our understanding of MAP 

pathogenesis and may provide potential therapeutic targets.  

Despite studies identifying a role for mce3C (Zhang et al., 2018) and mce4A (Saini et al., 2008) 

in the initial host pathogen interaction for M. tuberculosis, this was not observed for MAP 

related proteins. This may indicate that these genes do not function this early in the infection 

period, as is possible for mce4A which is more commonly involved in the chronic phase of 

infection. Alternatively, these proteins highly resemble ABC transporters and it is possible 

these function to transport lipids and cholesterol in later stages of infection which were not 

investigated in this chapter (Kumar et al., 2005; Casali and Riley 2007).  

Alternatively, the abundance of Mce protein expression is unlikely to be equivalent between 

the different E. coli recombinants which may have differing effects on both protein folding 

and aggregation, in addition to their function in eukaryotic cells. While it was shown that 

these proteins are expressed in the cell membrane of E. coli, the outer and inner membranes 

were not able to be separated in this assay. It could be that Mce3C and Mce4A were trapped 

in the periplasmic fraction of the Gram-negative bacteria, and so were not expressed on the 

surface to act as an adhesin. To counteract this, the proteins could be expressed in a non-

pathogenic Mycobacterial expression system to ensure correct protein formation and 

expression, such as M. smegmatis.  

Investigating the function of both mce1A and mce1D in a more physiologically representative 

model may increase our understanding of their role in infection at the intestinal lining. As 

some level of target cell specificity has been observed for these genes, it would be important 
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to investigate if the invasive phenotype is conserved in an intestinal model and if cell tropism 

in intestinal epithelial cells is observed depending on the mce gene expressed. 

Furthermore, to investigate the function of mce genes in later stages of infection, targeted 

knock-out mutants could be generated in MAP for each of the mce genes investigated and 

MAP allowed to infect cell lines for longer periods of time. As the E. coli recombinants are 

susceptible to killing by cell lines post 2 hours incubation these were not a suitable expression 

system to investigate the function of these genes in long-term infections. Alternatively, M. 

smegmatis could be investigated as an expression host of MAP Mce proteins as this is likely 

to express the Mce proteins in a more representative manner than the Gram-negative E. coli 

due to the unique cell membrane of Mycobacteria. M. smegmatis may also be less 

susceptible to toxicity caused by over-expression of a membrane protein than E. coli which 

may make it more suitable for longer infection periods.  

Finally, in future the immune response of JD positive cattle may be investigated using ELISAs 

for their cytokine response to Mce1A and Mce1D proteins. Other Mycobacteria species have 

been shown to contain specific epitopes in their mce genes which induce a host immune 

response, and therefore their use as diagnostic candidates have been investigated (Takenami 

et al., 2016). The mce genes investigated here may not be ideal diagnostic candidates for 

MAP due to their high homology to other Mycobacterial mce genes, likely meaning that they 

will elicit a host response whether the host was infected with either M. bovis, a notifiable 

disease, or MAP (Haile et al., 2002). However, if these genes also contain epitope regions 

then antibody treatment may be used to block the binding of MAP to host cells and prevent 

an infection.  
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4 Development of in vitro bovine intestinal models 
 

4.1 Introduction 

4.1.1 The use of 3D organoid cultures 
The development of organoids, which are physiologically representative of the host tissue 

from which they are derived, offers an intriguing opportunity to model MAP infection in its 

natural host. The term “organoid” has been used to describe several different tissue culture 

methods, including the “explant” cultures previously mentioned (Section 1.13). Currently this 

term is used to describe 3D cultures derived from stem cells that are multicellular, composed 

of multiple cell types representative of the organ being modelled, retain aspects of the 

parental organ’s specialised function and self-organise to mimic the parental organ’s 

phenotype and function.  

Gut organoids were first generated in 2007 by the Clevers’ lab which established that Lgr5+ 

stem cells residing the crypts of the intestinal epithelium could generate all the cell types in 

the intestinal epithelial cell lineage (Barker et al., 2007). Isolation and culture of these stem 

cells generated organoids with crypt-villus regions and a method to study the physiological 

and morphological properties of the intestine in an in vitro setting (Sato et al., 2009).  

Organoids can be derived from pluripotent stem cells (induced pluripotent stem cells (iPSCs) 

and embryonic stem cells (ESCs) or adult stem cells. The former typically requires 

supplementing the culture with mesenchymal cells and can generate organoids which are 

representative of the foetal tissue, often requiring a phase of endodermal differentiation 

prior to embedding in extracellular matrices, such as Matrigel. Adult stem cells can be 

isolated from the adult tissue sample and suspended in Matrigel to generate 3D organoids 

representative of the mature parental organ (de Souza, 2018). Typically, organoids are 

defined as being derived from induced pluripotent stem cells (iPSCs) which contain cells of 

both epithelial and mesenchymal lineages. Enteroids, as defined by the Stem Cell 

Consortium, are derived from intestinal tissue and contain cells of the epithelial cell lineage 

only. 

Enteroids contain many of the diverse epithelial cell lineages of the intestine in vivo, including 

stem cells, enterocytes, Paneth cells, goblet cells and enteroendocrine cells (Sato et al., 

2009). The enteroids are polarised with the apical side of the cells facing the internal lumen, 
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and show the characteristic crypt-villus architecture of the intestine with tight-junctions 

between cells to maintain the barrier function. M cells can be stimulated in the murine 

enteroids through stimulation with RANK-L to display the full repertoire of intestinal 

epithelial cells (Lau et al., 2012).  

Intestinal organoids (enteroids) have been cultured from a variety of mammalian species 

including murine, human, porcine (van der Hee et al., 2018) and bovine (Hamilton et al., 

2018), in addition to avian enteroids from chickens (Nash et al., 2021). The mammalian 

enteroids can be maintained through serial passaging and stored in liquid nitrogen for 

resuscitation without loss of function or changes at the phenotypic and transcriptional level 

(Bar-Ephraim et al., 2020; Fatehullah et al., 2016). The recent generation of bovine small 

intestinal enteroids (Hamilton et al., 2018) allows the initial infection of MAP to be studied in 

the context of its natural host. Enteroids have previously been observed to be more 

permissive to infection with pathogens than immortalised cell lines (Yin et al., 2015), which 

indicates that these may be appropriate in vitro models to study the bovine host-MAP 

interaction.  

While enteroids are not able to mimic the full complexity of the intestine in vivo as they lack 

a fluidic system, vasculature, and interactions with the immune system or the microbiota, 

they remain the most physiologically representative and reproducible in vitro model, which 

is currently available. Further efforts aim to increase the complexity of these cultures even 

further to incorporate these additional functions (Bar-Ephraim et al., 2020; Foulke-Abel et 

al., 2014).  

4.1.2 Challenges facing organoid modelling host-pathogen interaction  

Enteroids offer a unique method of investigating host-pathogen interaction in a sustainable 

and physiologically representative model, and have been used widely for this purpose 

(Derricott et al., 2019; Leslie et al., 2015; McCracken et al., 2014; Zhang et al., 2014). They 

are also widely used for drug testing, disease modelling (Baumann, 2017), and regenerative 

medicine (Wiegerinck et al., 2014). 

However, there are significant limitations in using the 3D enteroids as a model of host-

pathogen interaction. The internal facing apical side of the cells must first be accessed before 

infecting the enteroid with the pathogen being modelled (Bartfeld et al., 2015; Leslie et al., 

2015; McCracken et al., 2014; Williamson et al., 2018). Previously, micro-injection of the 
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pathogen into the lumen has been used to guarantee an interaction between the apical side 

of the cells and the pathogen (Bartfeld et al., 2015; Leslie et al., 2015; McCracken et al., 2014; 

Williamson et al., 2018). However, not only is this labour intensive but due to the 

heterogeneous nature of the enteroids with respect to size, cell number, cell population and 

architecture it is difficult to standardise the infection ratio. 

A number of groups have developed polarised 2D monolayers from enteroids which expose 

the apical surface of the cells and maintain the cellular diversity of the parental organ, and 

infection protocols have been optimised for the use in monolayers (Fernando et al., 2017; 

Moon et al., 2014; Thorne et al., 2018). However, this culture system presents other 

limitations as the 3D structure has been lost and therefore reduces the accuracy of 

representation of the native tissue.  

4.2 Aims and Objectives 
The aims of this chapter were to characterise 3D basal-out bovine enteroids using 

immunofluorescence (IF) staining and RT-PCR to characterise and define the cell types 

present in this model. By comparison with bovine intestinal tissue samples these studies 

examined whether the 3D basal-out enteroids are representative of the in vivo tissue. 

Alternative methods of culturing the enteroids were investigated to determine if 2D 

monolayers and 3D apical-out enteroids could be established which were representative of 

the intestine in vivo whilst allowing a more accessible route of in vitro infection compared to 

3D basal-out enteroids. These models were characterised using IF staining and RT-PCR to 

compare to the 3D basal-out enteroids and intestinal tissue. 

The models developed in this chapter were assessed for their ability to physiologically 

represent the bovine intestine, with the ultimate goal of using the most appropriate system 

as a model for MAP infection in Chapter 5. 
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4.3 Materials and Methods 

4.3.1 Generation and maintenance of bovine enteroids 

4.3.1.1 Isolation of Lgr5+ containing crypts from bovine ileum tissue 
All tissues used in this study were obtained from healthy male British Holstein-Friesian (Bos 

taurus) calves (<1 year old). Calves were sourced from either the University of Edinburgh 

dairy herd, or from approved farms in Scotland. Ethical approval was granted by The Roslin 

Institute Animal Welfare Ethical Review Board. 

Generation of the bovine enteroids was performed as described in Hamilton et al., 2018. A 

~10cm segment of the ileal-caecal region was stored in HBSS containing 25 μg/ml gentamicin 

and 100 U/ml penicillin/streptomycin. In the lab, the ileum was rinsed with water, cut 

longitudinally and laid flat in a petri dish. The mucous was removed by gently scraping the 

tissue and then discarded. The remaining tissue was vigorously scraped to access the crypts, 

which were collected. The scrapings were washed in HBSS containing penicillin/streptomycin 

and gentamicin. Between each wash, the crypt suspension was centrifuged at 400 x g for 2 

minutes and the supernatant and remaining mucous layer was gently removed.  

4.3.1.2 Digestion of bovine crypts 
Once the supernatant was clear, it was discarded and the pellet was suspended to 25 mL in 

digestion media (DMEM containing 1% FBS (v/v), 25 μg/mL gentamicin and 100 U/mL 

penicillin/streptomycin) with 1.875 U/mL collagenase and 0.5 μg/mL dispase I. The sample 

was incubated with rotation at 37°C 5% CO2 180 rpm for 45 minutes.  

The digested sample was pipetted up and down vigorously and the undigested material was 

allowed to sink to the bottom of the tube. The supernatant was transferred to a new 50 mL 

falcon tube and HBSS containing gentamicin and penicillin/streptomycin was used to suspend 

the sample to 50 mL. The sample was centrifuged at 400 x g for 2 minutes and supernatant 

removed repeatedly until the majority of the debris was removed.  

The resulting crypt pellet was suspended in 1 mL Advanced DMEM/F12 (containing B27, 25 

μg/mL gentamicin and 100 U/mL penicillin/streptomycin). 10 µL of suspension was visualised 

under a light microscope and the number of crypts present was counted.  
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4.3.1.3 Growth and differentiation of 3D basal-out bovine enteroids 
Between 200-1000 crypts in 100 µL Advanced DMEM/F12 were added to 150 µL Growth 

Factor Reduced Matrigel Matrix. 50 µL of Matrigel and crypt mix was plated into the centre 

of a well in a 24 well plate. The plate was incubated at 37°C 5% CO2 for 15-45 minutes to 

allow the Matrigel dome to solidify. 650 µL pre-warmed IntestiCult media (Appendix L) 

containing 10 μM Y-27632, 10 μM LY2157299 and 55 nM SB202190 (henceforth referred to 

as complete IntestiCult medium) was added to the well. Complete IntestiCult media was 

changed every 2-3 days to maintain organoid differentiation.  

4.3.1.4 Passage of 3D basal-out bovine enteroids 
3D basal-out bovine enteroids were maintained by serial passaging by 5-7 days of growth. 

Media was removed and the Matrigel dome diluted in 1 mL ice-cold DMEM/F12. Suspended 

Matrigel and enteroids were pooled into a collection tube, and enteroids allowed to settle to 

the bottom of the tube for 5 minutes. Supernatant was removed and remaining pellet was 

suspended in 1 mL ice-cold DMEM/F12. The 3D basal-out enteroids in suspension were 

disrupted by vigorous pipetting to break up the enteroids into crypts. A 1:10 dilution was 

performed and 10 µL was visualised under a light microscope. The number of 

crypts/enteroids present was counted. The remaining 1 mL enteroid suspension was diluted 

to 10 crypts/µL, and 100 µL was added to 150 µL of thawed Matrigel. 50 µL of the diluted 

Matrigel was plated into each well of a 24 well plate and incubated at 37°C 5% CO2 for 15-45 

minutes to allow the Matrigel dome to solidify. 650μl pre-warmed complete IntestiCult 

medium was added to the well. 

4.3.2 Generation of a 2D monolayer 
2D monolayers were created from intestinal crypts isolated as described in section 4.3.1.1, 

or from previously passaged enteroids that had been cultured and pooled (Blake et al., 2022). 

The enteroid or crypt suspension was centrifuged at 200 x g for 5 minutes at 2 - 8°C. The 

supernatant was removed and the pellet re-suspended in 1mL of warm TrypLE Express/5x104 

enteroid fragments and incubated at 37°C 5% CO2 for 5 minutes 180 rpm. The enteroids were 

mechanically disrupted into a single-cell suspension by vigorous pipetting, using a light 

microscope to confirm no whole enteroids were left intact. 1 mL DMEM/F12 containing 10% 

heat inactivated FBS (v/v) was added and mixed thoroughly with the cells and then 

centrifuged at 200 x g for 5 minutes at 2 - 8°C. The supernatant was removed and the cell 

pellet suspended in 1ml complete IntestiCult medium and crypts were enumerated using a 
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haemocytometer. The pooled cells were diluted using complete IntestiCult and plated onto 

wells coated in matrix and incubated at 37°C 5% CO2 as described in section 2.4.2. 

Conditioned media changes were performed in 24-48 hours, and complete media changes 

were performed every 2-3 days thereafter.  

4.3.3 Generation of 3D apical-out enteroids 

4.3.3.1 Culture of apical-out enteroids 
3D apical-out enteroids were created from intestinal crypts isolated as described in section 

4.3.1.1, or from previously passaged enteroids that had been cultured and pooled (Blake et 

al., 2022). The enteroid or crypt suspension was centrifuged at 200 x g for 5 minutes at 2 - 

8°C. The supernatant was removed and the pellet re-suspended in 1mL of warm TrypLE 

Express/1x105 enteroid fragments and incubated at 37°C 5% CO2 for 5 minutes 180 rpm. The 

enteroids were immediately re-suspended in DMEM/F12 containing 10% heat inactivated 

FBS (v/v) to 10 mL. The fragments were then centrifuged at 400 x g for 5 minutes at 2 - 8°C 

and the supernatant removed.  

The pellet was then re-suspended in complete IntestiCult medium at a concentration of 5x105 

fragments/mL and plated in a 24 well plate for culture. Within 24-48 hours, apical-out 

enteroids formed in the supernatant, with cellular debris residing at the bottom of the well. 

The supernatant containing apical-out enteroids was carefully removed and plated into a 

fresh 24 well plate. Conditioned media changes were performed every 2-3 days.  

4.3.3.2 Cytospin of apical-out enteroids 
As the apical-out enteroids exist in suspension, they must be adhered to the surface of a 

microscope slide for imaging. For this, the apical-out enteroids were centrifuged at 400 x g 

for 5 minutes and the pellet re-suspended in 4% paraformaldehyde (w/v) for 2 hours at 4°C. 

The fixed enteroids were then washed three times with 1X PBS and centrifuged at 400 x g for 

5 minutes. The pellet was re-suspended in 100 µL 1X PBS and was placed in the corner of the 

cytospin chamber using a pipette. Five µL of 20% BSA (w/v) was added to the enteroids, and 

the cytospin chamber was centrifuged at 500 rpm for 5 minutes. The chamber and filter 

paper were carefully removed and the enteroid cytopsin spot was air-dried and staining was 

performed as described in section 2.4.3.  
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4.4 Results and Discussion 

4.4.1 Generation and maintenance of bovine enteroids 
To generate bovine 3D enteroids, small intestinal crypts were taken from the ileo-caecal 

junction of healthy male calves aged <9 months old. The crypts were embedded in Matrigel 

domes and cultured with complete IntestiCult medium containing Rho-associated kinase 

inhibitor (Y27632), which enhances stem cell survival by preventing anoikis, a p38 mitogen-

activated protein kinase (MAPK) inhibitor (SB202190), which improves the self-renewal 

ability of stem cells, and a TGF-βR inhibitor (LY2157299). Within 24 hours of seeding, the 

crypts had sealed over and formed enterospheres, and buds of developing organoids were 

observed by day 3 surrounding the lumen (Figure 4.1). These domains appear to be 

established by day 3-4 of culture, and during this time the enteroids increased in size and the 

number of buds present also increased. Over the course of 7 days, the lumen was observed 

to fill with cellular debris from the sloughing of dead cells, mimicking the in vivo mechanism 

of sloughing dead cells from the tips of villi (Noah et al., 2011).  

The enteroids were serially passaged to maintain the culture and were cryopreserved on day 

7 at passage 2-5 and stored at -155°C for later use. The longevity of these organoids upon 

serially passaging and ability to store them long-term makes their use as a bovine intestinal 

model both desirable and feasible. The generation and maintenance of these bovine 

enteroids requires a laboratory skillset which can be both labour- and time-consuming, which 

may limit their use without further refinement. However, bovine colonoids have been shown 

to be cryopreserved within the Matrigel dome in a 96-well format and remain viable for use 

in high throughput toxicity screening studies (Töpfer et al., 2019). This technique therefore 

offers an opportunity to ease the use of organoids in a wider range of studies for those who 

may not have the necessary reagents or skillset to maintain the enteroids long term.  
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Figure 4.1| Enteroids cultivated from bovine intestinal tissue and maintained with 
complete IntestiCult media. Representative images from 2 different passages of 3 calves 
showing the crypts isolated from bovine ileal tissue and maintained in a Matrigel dome with 
complete IntestiCult medium. The media contained 3 inhibitors, Y27632, SB202190 and 
LY2157299, which promote stem cell survival, prevent anoikis and inhibit inhibition of cell 
proliferation. Black arrows indicate budding of enteroids. White arrows indicate cellular 
debris accumulating in the enteroid lumen. Scale bar = 200 µm. 

 

4.4.2 Characterisation of bovine enteroids using immunofluorescence staining 
To ensure that the enteroids contained the multiple cell lineages of the bovine intestine, cell-

type specific molecules were detected using IF staining from enteroids derived from two 

different animals at three different passage numbers, as described in section 2.4 (Figure 4.2). 

Expression of Ki-67 (proliferative cells), lysozyme 1 (Paneth cells), chromogranin A 

(enteroendocrine cells), UEA-1 (glycans such as fucose and arabinose) and ZO-1 (tight 

junctions) was observed in the enteroids at 3 days of culture using antibodies outlined in 

Appendix C. Positive F-actin staining with phalloidin was shown on the apical side of the cells 

facing the lumen, indicating the presence of a brush border and polarisation of the 

epithelium. The staining of the enteroids reflects that observed upon staining of bovine 

intestinal tissue (Figure 4.3). This indicated that the bovine enteroids were physiologically 

representative of the intestine in vivo and maintained diverse epithelial cell lineages during 

their culture. Secondary antibody controls were used to eliminate background IF on the 

confocal microscope.  
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Figure 4.2| Enteroids stained for cell-type specific molecules and imaged using confocal 
microscopy. Representative images from 3 separate enteroid passages showing crypts 
isolated from bovine ileal tissue and maintained in a Matrigel dome with complete IntestiCult 
medium. A-E) Confocal images of 3D bovine enteroids stained for epithelial cell-type specific 
molecule. A) Enteroids stained for nuclei (DAPI, blue), tight junctions (ZO-1, green) and 
proliferative cells (Ki-67, red). B) Enteroids stained for nuclei (DAPI, blue), actin (Phalloidin, 
green) and Paneth cells (Lyz1, red). C) Enteroids stained for nuclei (DAPI, blue), actin 
(Phalloidin, green) and enteroendocrine cells (CHGA, red). D) Split panel of enteroids stained 
for nuclei (DAPI, blue), F-actin (Phalloidin, green), and tight junctions between cells (ZO-1, 
red). E) Split panel of enteroids stained for nuclei (DAPI, blue), glycans (UEA-1, green) and 
tight junctions (ZO-1, red). Arrow indicates actin staining on the apical surface of the epithelial 
cells demonstrating polarisation. Scale bar = 20 µm. 
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Figure 4.3| Bovine intestinal tissue stained with antibodies to detect cell type specific 
molecules and imaged using confocal microscopy. Representative images from 3 different 
calf tissues. A) Cells stained for nuclei (DAPI, blue), tight junctions (ZO-1, green) and 
proliferative cells (Ki-67, red). B) Cells stained for nuclei (DAPI, blue), actin (Phalloidin, green) 
and Paneth cells (Lyz1, red). C) Cells stained for nuclei (DAPI, blue), tight junctions, (ZO-1, 
green) and glycans (UEA-1, green). D) Split panel of cells stained for nuclei (DAPI, blue), F-
actin (Phalloidin, green), and tight junctions between cells (ZO-1, red). E) Split panel of cells 
stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and enteroendocrine cells (CHGA, 
red as indicated by arrows). Scale bar = 20 µm. 
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4.4.3 Characterisation of bovine enteroids using RT-PCR 
To characterise the bovine enteroids at a transcriptional level and compare it to an in vivo 

system, RNA was isolated from the distal ileum of 2 male calves 9 months old and from 3D 

basal-out enteroids at passage 3 as described in section 2.5.2 – 2.5.4. The Agilent 

AffinityScript Multiple Temperature cDNA Synthesis Kit was used to generate cDNA from 

these samples with an accompanying no reverse transcriptase (RT) control for each sample 

(section 2.5.6). Bos taurus glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 

a reference gene to analyse the presence of genomic DNA using PCR, and macrophage RNA 

known to contain GAPDH (a gift from Dr. Kirsty Jensen) was used as a positive control. A “no 

RT” control was used to confirm the absence of contaminating genomic DNA (Figure 4.4 A).  

RNA was also isolated from Matrigel alone, as it has been shown to contain trace amounts of 

RNA by the manufacturer. A low concentration of RNA was isolated from 4 domes of Matrigel 

(10 ng/µL), of which 150 ng was used to synthesise cDNA. For direct comparison, 150 ng of 

tissue and organoid RNA was also used in cDNA synthesis. No PCR product was observed for 

the Matrigel sample upon PCR analyses with GAPDH primers (Figure 4.4A). This indicates the 

trace amounts of RNA present in the Matrigel as described by the manufacturers is unlikely 

to be bovine in origin and therefore will not be recognised by primers designed for bovine 

cell type specific molecules. Therefore, experiments using enteroid RNA samples which may 

contain traces of Matrigel are unlikely to affect the analyses. 

Primers designed against cell type-specific molecules for the cell lineages in the bovine 

intestine were used to amplify the gene from tissue and enteroid cDNA samples (Appendix 

E). However, comparatively little research has been done to identify the expression of specific 

molecules on differentiated cell populations within the bovine intestine compared to other 

species such as the murine intestine (Grün et al., 2015; Haber et al., 2017). In the mouse 

mRNA-seq analysis enabled the characterisation of single cell transcriptomes within murine 

crypts and enteroids and identified markers for distinct cell populations within the small 

intestinal epithelium, including rare cell types such as entero-endocrine cells. The intestinal 

cell lineage-specific molecules for bovine cell types investigated here were chosen based on 

those found by Grün et al., 2015 which were confirmed to be expressed in the bovine 

enteroid system by mRNA-seq analysis by Hamilton et al., 2018. This excludes the bovine M 

cell specific molecule as this is currently unknown for the bovine host. Therefore, two 

hypothetical bovine M cell specific genes were used, cyclophilin A (PPIA) (Hondo et al., 2016) 
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and cytokeratin 18 (KRT18) (Hondo et al., 2011), in addition to glycoprotein 2(GP2), the 

known murine M cell specific molecule (Hondo et al., 2011, 2016; Klisuric et al., 2019). 

PCR was used to identify the gene transcripts indicative of Paneth cells (LYZ1), goblet cells 

(MUC2), enterocytes (VIL1), proliferative cells (KI67), Stem cells (LGR5) and enteroendocrine 

cells (CHGA) in bovine enteroid samples and two different bovine intestinal tissue samples as 

described in section 2.3.1-2.3.2 (Figure 4.4 B), indicating that the bovine 3D basal-out 

enteroids can maintain the diverse cell types of the in vivo intestine. Several cell specific gene 

molecules were observed to produce a more abundant PCR product compared to bovine 

tissue samples, such as GP2+, MUC2+, VIL1+ and KI67+ cells, which may indicate that 3D 

basal-out enteroids are enriched for certain cell types of the intestine.  
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Figure 4.4| RT-PCR of calf ileal tissue and bovine enteroids to detect transcripts of genes 
indicative of specific cell types. RNA was harvested from ileal tissue from two different calves 
(C3 and C4) and from P3, P6 and P16 enteroids generated from a third calf (C2); and from 
Matrigel alone. A) cDNA was synthesised in addition to a no reverse transcriptase control for 
each sample. B) The cDNA was used to detect specific cell types in the sample in a PCR 
reaction. Lane 1- Calf 3 tissue cDNA, lane 2 – Calf 4 tissue cDNA, lane 3 – Calf 2 enteroid cDNA 
(P3), lane 4 – no template control (NTC). PPIA (Cyclophillin A), KRT18 (cytokeratin 18), GP2 
(Glycoprotein 2), LYZ1 (lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 1), KI67 (proliferating cells), 
LGR5+ (Leucine-rich repeat containing G protein-coupled receptor 5), CHGA (Chromogranin A) 
and GAPDH (positive control).  
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RNA was also isolated from 3D basal-out bovine enteroids from passage numbers 6 and 16 

(section 2.5.3 – 2.5.4) to investigate the ability of the enteroids to maintain the various cell 

types of the intestine over serial passaging. The RNA samples were confirmed to be free of 

contaminating genomic DNA using no RT controls (Figure 4.5 A). All cell type specific 

molecules investigated (PPIA, KRT18, GP2, LYZ1, MUC2, VIL1, KI67, LGR5, CHGA) were 

present in the samples, indicating that 3D basal-out enteroids can be maintained over at 16 

passages (Figure 4.5 B). The bovine enteroids could continue to be passaged after this point 

without suffering phenotypic changes, but the various cell types present were not 

investigated in these samples.  

Stimulation of murine enteroids with RANK-L increases the abundance of GP2+ cells, which 

is a marker of mature M cells (Knoop et al., 2009). Prior to stimulation, GP2 abundance 

remains relatively low in the enteroid cultures. The bovine enteroids at all passage numbers 

were not stimulated with RANK-L and yet the hypothetical bovine M cell molecules 

investigated, PPIA and KRT18, were present in the enteroids at a similar abundance than the 

tissue sample (Figure 4.4 B, 4.5 B). Furthermore, the GP2 molecule specific for murine M cells 

was present in greater abundance in the basal-out enteroids compared to the tissue samples. 

Due to their high levels of expression in enteroids that are not stimulated with RANK-L, in 

addition to intestinal tissue staining with antibodies specific for these hypothetical bovine M 

cells which does not mimic what is known for other species M cell staining, it is unlikely that 

any of these molecules are specific for bovine M cells.  
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Figure 4.5|RT-PCR of calf ileal tissue and bovine enteroids to detect transcripts of genes 
indicative of specific cell types. RNA was harvested from Calf 2 at passage numbers 6 and 16 
(C2P6 and C2P16 respectively). A) cDNA was synthesised in addition to a no reverse 
transcriptase control for each sample. B) The cDNA was used to detect specific cell types in 
the sample in a PCR reaction. Lane 1- C2P6 cDNA, lane 2 – C2P16 cDNA, lane 3 – no template 
control (NTC). PPIA (Cyclophillin A), KRT18 (cytokeratin 18), GP2 (Glycoprotein 2), LYZ1 
(lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 1), KI67 (proliferating cells), LGR5+ (Leucine-rich 
repeat containing G protein-coupled receptor 5), CHGA (Chromogranin A) and GAPDH 
(positive control).  
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4.4.4 Establishment of a bovine enteroid monolayer 
The internal facing apical side of 3D basal-out enteroids limits their use in high-throughput 

studies and makes micro-injection protocols laborious with decreased standardisation of 

enteroid inoculation due to the variability in individual enteroid sizes and cell number. The 

establishment of 2D monolayers offers a way to expose the apical side of the cells as the 

basolateral side attaches to the matrix while maintaining multiple cell lineages. This allows 

standardisation of infection ratios as wells are plated with a known number of cells.  

The method used to generate 2D monolayers from passaged bovine enteroids is outlined in 

Figure 4.6. Briefly, enteroids from several wells were pooled together and mechanically 

disrupted by pipetting. The fragments were pelleted, dissociated and further disrupted into 

a single cell suspension that was ultimately re-suspended in complete IntestiCult medium 

and seeded onto wells which were uncoated or coated in dilute Matrigel or bovine type I 

collagen (section 2.4.2).  

 

 

Figure 4.6| A schematic to demonstrate the generation of 2D monolayers from 3D bovine 
enteroids. 

 



113 
 

Several attempts were performed to create a confluent 2D monolayer. Initially, the single cell 

suspension was seeded at 50,000 cells/well in a 96 well plate coated with dilute Matrigel or 

collagen coated wells as described by Thorne et al., 2018 for murine monolayers. A complete 

media change was performed at 24 hours incubation at 37°C and the cells were maintained 

for 7 days with a media change every 2-3 days. Using this protocol small foci of heavily 

clustered cells could be observed under brightfield microscopy by 3 days but these did not 

become confluent by 7 days (Figure 4.7). There was no observable difference between the 

use of Matrigel or collagen as a matrix for seeding cells, but it was concluded that neither 

matrix-based methods could result in a complete monolayer.  

3D enteroids were also observed to form in these cultures and were the only viable cells 

present that stained for IF microscopy. This indicates that many of the cell clusters observed 

were debris and cells which were not attached strongly to the matrix. In addition, while 

monolayers were observed to contain proliferative cells and glycans from Ki67 and UEA-1 

staining respectively, more differentiated cell types such as CHGA+ entero-endocrine, Lyz1+ 

Paneth cells and MUC2+ goblet cells could not be identified (Figure 4.7 E-H). The anti-villin I 

antibody was used to detect tight junctions between epithelial cells, which has previously 

been used to indicate the presence of enterocytes in other intestinal cultures as these cells 

maintain tight junctions in the intestine (Thorne et al., 2018). However, this antibody was not 

effective at binding to these proteins in bovine intestinal models, likely due to a lack of 

species cross-reactivity.  

Previous publications had shown that using the terminal ileum to generate monolayers 

required a greater seeding density due to the increased rate of cell death for this region of 

the small intestine when compared to the jejunum and duodenum (Liu et al., 2018). 

Therefore, cell seeding density was investigated for its effect on monolayer formation. 

Collagen was used as the matrix to limit the batch-to-batch variation observed previously 

with Matrigel. Additionally, it was determined that once in single cell suspension plating of 

the cells should occur as soon as possible. It was hypothesised that single cells sourced from 

3D enteroids are more akin to primary cultures of intestinal cells which are prone to undergo 

anoikis quickly when not in contact with matrix (Frisch & Francis, 1994; Sträter et al., 1996). 

To maximise adherence to the matrix conditioned media changes were performed 48 hours 

after seeding to remove cellular debris whilst maintaining growth factors.  



114 
 

 

Figure 4.7| 2D epithelial monolayer optimisation. Single cells derived from 3D enteroids 
were seeded onto dilute Matrigel (A-B) or collagen (C-D) coated wells and cultured with 
complete IntestiCult media for 7 days. Representative images taken using brightfield 
microscopy at 3 days (A, C) and 7 days (B, D). Images of monolayers cultured on collagen 
coated wells taken on the LSM710 confocal microscope at 7 days (E-H). E) Cells stained for 
nuclei (DAPI, blue), Paneth cells (Lyz1, red) and tight junctions (Vil1, green). F) Cells stained 
for nuclei (DAPI, blue), goblet cells (Muc2, red) and proliferative cells (Ki67, green). G) Cells 
stained for nuclei (DAPI, blue), proliferative cells (Ki67, red) and glycans (UEA-1, green). H) 
Cells stained for nuclei (DAPI, blue), enteroendocrine cells (CHGA, red) and proliferative cells 
(Ki67, green). Scale bar = 20 µm. 
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Thus, the optimised protocol to generate a confluent monolayer from 3D enteroids was; an 

8 well-chambered-slide was coated with 2 µg of bovine type I collagen for 1 hour at room 

temperature. After generating a single cell suspension, the supernatant from the wells was 

removed and seeded with 2.5 x 105 cells/well in 250 µL complete IntestiCult medium. The 

cells were allowed 48 hours to adhere before 50% of the media was replaced with fresh 

culture medium (Blake et al., 2022). Monolayers were observed to form by 48 hours (Figure 

4.8 A) and became confluent by 3-5 days (Figure 4.8 B). The monolayers were maintained for 

7 days before being fixed with 4% PFA. To ensure these monolayers contained the multiple 

cell lineages of the bovine intestine, cell-type specific molecule were detected using IF 

staining (Figure 4.8). Expression of Ki-67 (proliferative cells) and UEA-1 (glycans) was 

confirmed in the monolayers at 7 days of culture (Figure 4.8D, E). The presence of goblet 

cells was indicated by PAS (Figure 4.8F).  

 

Figure 4.8| 2D monolayer seeded on collagen coated wells. Single cells derived from 3D 
enteroids were seeded on bovine type I collagen coated wells and cultured for 7 days in 
complete IntestiCult media. Representative images taken using brightfield microscopy at 2 
days, (A) 5 days (B) and 7 days (C). Images of monolayers cultured on collagen coated wells 
taken on the LSM710 confocal microscope at 7 days (D-E). D) Cells stained for nuclei (DAPI, 
blue), proliferative cells (Ki67, red) and F-actin (phalloidin, green). E) Cells stained for nuclei 
(DAPI, blue) and glycans (UEA-1, green). F) Monolayer was stained using PAS to detect the 
presence of goblet cells. Red arrows indicate the border of the 2D monolayer. Black arrows 
denote mucins indicative of goblet cells. Scale bar = 20 µm. 
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To further characterise the monolayers at a transcriptional level, total RNA was isolated from 

monolayers derived from passage 5 basal-out enteroids. The RNA was isolated from the 

monolayers at 3 and 7 days culture, and the cDNA synthesised as previously described in 

section 2.5. The “no RT” control demonstrated the absence of contaminating genomic DNA 

in the samples (Figure 4.9 A). RT-PCR was performed to detect the presence of Paneth cells, 

goblet cells, enterocytes, proliferative cells, stem cells and enteroendocrine cells (Figure 4.9 

B).  

Several cell type specific molecules indicative of mature intestinal cells were identified in the 

2D monolayer by 7 days of culture. LYZ1+ Paneth cells were identified at both 3 and 7 days 

of culture, as were the LGR5+ stem cells. As Paneth cells are often associated with aiding the 

stem cell niche in the intestinal crypts, the presence of both these cell types together is 

consistent with our understanding of the intestine. Interestingly, the murine M cell marker, 

GP2, was present in the 2D monolayer culture at a low abundance at 3 days and seemed to 

be completely absent by 7 days (Figure 4.9 B). This may indicate the 2D monolayer does not 

maintain all the cell types that the 3D enteroids do, although it remains unclear what cell 

type expresses the GP2 marker in the bovine intestine. 

Other mature cell types such as MUC2 goblet cells were identified only observed at 7 days. 

The rare mature epithelial cell type, CHGA+ entero-endocrine cells, were not identified at 

either time point in the culture which may be due to their rarity in the intestine and low 

expression of the chromogranin A marker (Figure 4.9 B).   

It is possible that the monolayers are in a non-differentiated state which encouraged stem 

cell maintenance and proliferation but produced fewer of the fully differentiated mature 

epithelial cell lineages. Longer culture time may encourage entero-endocrine cell production. 

It was observed here that MUC2+ goblet cells only appeared after 7 days suggesting slower 

differentiation compared to enteroids. Alternatively, the IntestiCult media could be altered 

to stimulate the BMP pathway to encourage cell differentiation (Thorne et al., 2018) through 

the removal of the p38 MAPK and TGF-βR inhibitors.  
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Figure 4.9| RT-PCR of 2D monolayers derived from 3D bovine enteroids to detect transcripts 
of cell markers indicative of specific cell types. RNA was harvested from 2D monolayers 
derived from 3D bovine enteroids from Calf 2 passage 5 (C2P5), and the monolayer cultured 
for 3 and 7 days (3D and 7D respectively). A) cDNA was synthesised in addition to a no reverse 
transcriptase control for each sample. B) The cDNA was used to detect specific cell types in 
the sample in a PCR reaction. PPIA (Cyclophillin A), KRT18 (cytokeratin 18), GP2 (Glycoprotein 
2), LYZ1 (lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 1), KI67 (proliferating cells), LGR5+ 
(Leucine-rich repeat containing G protein-coupled receptor 5), CHGA (Chromogranin A) and 
GAPDH (positive control).  
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To create a 2D monolayer culture which maintained all the mature epithelial cell types of the 

intestine from 3 days of culture, other methods were investigated using both Matrigel and 

collagen matrices. For this, fresh crypts containing Lgr5+ stem cells were isolated from the 

bovine intestine. The crypts were digested with TrypLE express and re-suspended in 

complete IntestiCult media to be seeded onto Matrigel- or collagen-coated wells.  

Total RNA was isolated from the monolayers and cDNA synthesised and confirmed to be free 

of genomic DNA (Figure 4.10 A). The cultures were shown to express transcripts for cell type 

specific molecules in a similar abundance at both 3 and 7 days of culture (Figure 4.10 B). 

These monolayers expressed KI67+ proliferative transcripts from the third day of culture and 

maintained mature epithelial cell marker transcripts up to 7 days. This includes VIL1+ 

enterocytes, MUC2+ goblet cells and CHGA+ entero-endocrine cell transcripts, the latter of 

which was found to be absent from the RNA isolated from monolayers cultured from 

passaged 3D enteroids. Interestingly murine GP2+ M cells was again found to be absent or 

significantly reduced by 7 days of culture in both monolayer types.  
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Figure 4.10| RT-PCR of 2D monolayers derived from freshly isolated intestinal crypts to 
detect transcripts of cell markers indicative of specific cell types. RNA was harvested from 
2D monolayers cultured for 3 and 7 days on Matrigel or collagen coated wells. A) cDNA was 
synthesised in addition to a no reverse transcriptase control for each sample. B) The cDNA 
was used to detect specific cell types in the sample in a PCR reaction. PPIA (Cyclophillin A), 
KRT18 (cytokeratin 18), GP2 (Glycoprotein 2), LYZ1 (lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 
1), KI67 (proliferating cells), LGR5+ (Leucine-rich repeat containing G protein-coupled receptor 
5), CHGA (Chromogranin A) and GAPDH (positive control). 1= monolayer culture on Matrigel 
for 3 days. 2= monolayer cultured on Matrigel for 7 days. 3 = monolayer cultured on collagen 
for 3 days. 4 = monolayer cultured on collagen for 7 days. 5 = no template control.  
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3D enteroid structures formed on both matrices (Figure 4.11 C, D) but as these were not 

adhered to the surface of the well these could be removed upon changing the media. 

Monolayers derived directly from crypts and cultured on both collagen and Matrigel became 

confluent by 3 days of culture (Figure 4.11 A-D).  

As there were no significant differences at the transcriptional level between monolayers 

cultured on Matrigel or collagen, monolayers continued to be cultured on collagen coated 

wells. This is more readily available than Matrigel and has lower batch-to-batch variation. To 

assess if the monolayers contained the cell lineages in bovine intestinal tissue when cultured 

on collagen, expression of cell-type specific molecule were assessed using IF confocal 

microscopy. Ki-67 (proliferative cells), lysozyme 1 (Paneth cells), chromogranin A 

(enteroendocrine cells), UEA-1 (glycans), F-actin (Phalloidin) and ZO-1 (tight junctions) were 

confirmed to be present in the monolayers (Figure 4.11 E-J). Periodic Acid Schiff staining was 

used to demonstrate the presence of goblet cells (Figure 4.11 H). The identification of these 

cell types by IF staining indicates the monolayers undergo epithelial cell maturation and are 

physiologically representative of the bovine intestine.  
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Figure 4.11| 2D epithelial monolayers derived from intestinal crypts maintain multiple cell 
lineages. Single cells were seeded onto collagen coated wells for 3 A) or 7 days B), or Matrigel 
coated wells for 3 C) or 7 days D) and imaged using Brightfield microscopy. E-J) Representative 
images taken on LSM Confocal microscope showing 2D monolayers cultured on collagen 
coated wells. E) Confocal image of 2D intestinal monolayer stained for F-actin (phalloidin, 
green), nuclei (DAPI, blue) and proliferative cells (Ki67, red) dividing into available space. F) 
Monolayers stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and Paneth cells (Lyz1, 
red). G) Monolayers stained for nuclei (DAPI, blue) and glycans (UEA-1, green). H) 2D 
monolayer imaged using brightfield microscope stained for Periodic Acid Schiff to show 
mucins produced by goblet cells. I) Split panel of monolayer stained for nuclei (DAPI, blue), 
tight junctions between cells (ZO-1, green), and proliferative cells (Ki-67, red). Scale bar = 20 
µm. J) Split panel of monolayer stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and 
enteroendocrine cells (CHGA, red). Black arrows denote enteroid formation in the 
monolayers. Scale bar = 50 µm. 
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As the generation of the 2D monolayer requires digestion of crypts or 3D enteroids with 

TrypLE express, it was hypothesised that this enzymatic treatment may impact the survival 

of certain cell types such as those expressing GP2. By removing this step, these cell types may 

be maintained by 7 days. To this end whole crypts were diluted in complete IntestiCult media 

and used to seed wells coated with dilute Matrigel or collagen. At the same time, crypts were 

digested into a single cell suspension as described previously, and used to seed uncoated 

wells in a 24 well plate. 

Large “islands” of cells were observed to form after 3 days of culture on both matrices, and 

by 5 days on uncoated wells, but these did not form a confluent monolayer by 7 days (Figure 

4.12 A-B, Figure 4.13 A-B, and G). To assess the epithelial cell populations present in collagen 

and Matrigel based cultures after 7 days of culture, cell-type specific molecule were detected 

using IF confocal microscopy. KI67+ proliferative cells, LYZ1+Paneth cells , CHGA+ 

enteroendocrine cells, UEA-1 (glycans) and F-actin (Phalloidin) were confirmed to be present 

in the monolayers cultured on both matrices (Figure 4.12 - Figure 4.13).  
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Figure 4.12| 2D epithelial monolayers cultured on Matrigel matrix from intestinal crypts. 
Intestinal crypts were isolated from bovine tissue and washed with HBSS. The whole crypts 
were plated onto dilute Matrigel coated wells and cultured with complete IntestiCult 
containing the relevant inhibitors and maintained for 7 days. A-B) Brightfield images of 
cultures for 3 days and 7 days respectively. C-F) Representative images taken on LSM Confocal 
microscope showing monolayers cultured for 7 days. C) Confocal images of monolayers 
stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and enteroendocrine cells (CHGA, 
red. Indicated by white arrow). D) Monolayer stained for nuclei (DAPI, blue), F-actin 
(Phalloidin, green) and Paneth cells (Lyz1, red. Indicated by orange arrow). E) Monolayer 
stained for nuclei (DAPI, blue) and glycans (UEA-1, green). F) Split panel of monolayer stained 
for F-actin (phalloidin, green), nuclei (DAPI, blue) and proliferative cells (Ki67, red). Black 
arrows indicate cell “island”. Scale bar = 50 µm. 
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Figure 4.13| 2D epithelial monolayers cultured on collagen matrix from intestinal crypts. 
Intestinal crypts were isolated from bovine tissue and washed with HBSS. The whole crypts 
were plated onto dilute Matrigel coated wells and cultured with complete IntestiCult 
containing the relevant inhibitors and maintained for up to 10 days. A-B) Brightfield images 
of cultures for 3 days and 7 days respectively. C-F) Representative images taken on LSM 
Confocal microscope showing monolayers cultured for 7 days. C) Confocal images of 
monolayers stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and enteroendocrine 
cells (CHGA A, red denoted by white arrow). D) Monolayers stained for nuclei (DAPI, blue), F-
actin (Phalloidin, green) and Paneth cells (Lyz1, red denoted by orange arrow). E) Monolayers 
stained for nuclei (DAPI, blue) and glycans (UEA-1, green). F) Split panel of monolayer stained 
for F-actin (phalloidin, green), nuclei (DAPI, blue) and proliferative cells (Ki67, red). G) 
Brightfield image of 2D monolayer cultured on uncoated wells at 5 days after seeding with 
single cells derived from the digestion of freshly isolated intestinal crypts. Scale bar = 50 µm. 
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The monolayers that were derived from freshly isolated crypts and seeded onto collagen or 

Matrigel coated wells, as well as the monolayer derived from digested crypts and seeded 

onto uncoated wells, were analysed using RT-PCR to detect cell transcripts of cell type 

specific molecules in the intestine. All monolayers were confirmed to be free from 

contaminating genomic DNA prior to the RT-PCR for cell type specific molecules (Figure 4.14 

A). At 7 days of culture, all the monolayers contained transcripts for PPIA+ cells, KR18+ cells, 

LYZ1+ Paneth cells, MUC2+ goblet cells, VIL1+ enterocytes, Ki67+ proliferative cells, LGR5+ 

Stem cells and CHGA+ entero-endocrine cells (Figure 4.14 B-D). The Matrigel-based 2D 

monolayer culture was shown to express low levels of the GP2 transcript unlike the 

monolayer cultured on collagen coated wells or uncoated wells (Figure 4.14 B). However, it 

remains unclear what cell type this molecule is specific for, as unlike the murine system the 

GP2 marker is not specific to M cells in bovine enteroids.  

Single cells used to seed uncoated wells did become more confluent than those seeded with 

crypts and seemed to contain the diverse lineages of intestinal epithelial cells based on the 

RNA transcript data, excluding transcripts for GP2 (Figure 4.14 D). This indicates these 

monolayers are phenotypically similar to those cultured on collagen and Matrigel. Therefore, 

it could be concluded these monolayers were representative of the bovine intestine. This 

may be useful where the use of a matrix such as collagen or Matrigel is undesirable, but these 

cultures required a higher number of cells to seed each well (1 x 106 cells/well) and longer 

culture time to establish a confluent monolayer, and so were not used in future work.  
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Figure 4.14| RT-PCR of enteroid 2D monolayers to detect transcripts of cell markers 
indicative of specific cell types. RNA was isolated and the cDNA synthesised to detect specific 
cell types in the sample RT-PCR. A) Quality control of cDNA including no RT controls to confirm 
the absence of contaminating genomic DNA. B) Monolayers cultured on dilute Matrigel 
coated wells for 7 days seeded with whole crypts from the bovine intestine. C) Monolayers 
cultured on collagen coated wells for 7 days seeded with whole crypts from bovine intestine. 
D) Monolayers cultured for 10 days on uncoated wells seeded with crypts digested into single 
cells. PPIA (Cyclophillin A), KRT18 (cytokeratin 18), GP2 (Glycoprotein 2), LYZ1 (lysozyme 1), 
MUC2 (Mucin 2), VIL1 (Villin 1), KI67 (proliferating cells), LGR5+ (Leucine-rich repeat 
containing G protein-coupled receptor 5), CHGA (Chromogranin A) and GAPDH (positive 
control). 
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It was concluded using a collagen based matrix seeded with cells gained from digesting 

freshly isolated intestinal crypts into single cells was the most viable option for using 2D 

monolayers for later infection studies due to the diversity of cell types present and the 

culture of a confluent monolayer. These monolayers were shown to contain proliferative cells 

both from the IF staining of KI67+ cells (Figure 4.11) and the RNA transcript data which 

indicated that LGR5+ stem cells remained present in the culture by 7 days (Figure 4.10). It 

was therefore hypothesised that these cells could be passaged and maintained over time. 

Upon becoming confluent, cells were detached from the surface of the well using TrypLE 

express. Cells were pooled, washed and ultimately re-suspended in complete IntestiCult 

media. Cells were seeded onto 8 well-chambered-slides coated with collagen at 2 x105 

cells/well. A conditioned media change was performed at 48 hours and complete media 

changes were performed every 2-3 days thereafter. Cells were passaged in this way twice 

more, and it was evident fewer cells were adhering to the surface of the well each passage. 

Cultures stopped reaching confluency even after 14 days incubation (at the third passage), 

and no longer seemed to have an organised phenotype with tightly packed regions of cells 

(Figure 4.15 A-B).  

Tight junctions were no longer observed between cells using ZO-1 staining (Figure 4.15 E-F), 

and CHGA+ enteroendocrine cells could not be identified using IF staining (Figure 4.13 C). 

Likewise, the staining observed for LYZ1+ Paneth cells was unusual compared to that 

observed in 3D enteroids, intestinal tissue and previous 2D monolayers (Figure 4.2, Figure 

4.3 and Figure 4.11). This indicated that the cells had become de-differentiated, with a 

simultaneous loss of KI67+ proliferative cells, as observed in the IF staining (Figure 4.15 E).  

The RNA transcripts of this passaged monolayer at 14 days of culture was assessed upon 

isolating the total RNA and confirming the absence of contaminating genomic DNA (Figure 

4.16 A). Interestingly, many of the molecules indicative of various epithelial cell lineages were 

expressed in the monolayer. In contrast with the IF staining, the KI67+ proliferative cells, 

LGR5+ stem cells and CHGA+ entero-endocrine cells were present in the RNA although these 

were very weakly expressed (Figure 4.16 B). It is likely that although the RNA was transcribed 

for these genes, the lack of IF staining for this cell type indicates that the protein was not 

translated by the cells and therefore the diverse cell types of the intestine were unlikely to 

be maintained upon passaging of a 2D monolayer. 
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Figure 4.15I IF staining for cell-type specific molecules in a passaged 2D monolayer. 
Monolayers were passaged 3 times and the cells were seeded onto collagen coated wells for 
5 A) or 14 days B) and imaged using Brightfield microscopy. C-F) Representative images taken 
on LSM Confocal microscope showing 2D monolayers cultured on collagen coated wells for 
14 days. C) Confocal image of 2D intestinal cultures stained for F-actin (phalloidin, green), 
nuclei (DAPI, blue) and enteroendocrine cells (CHGA, red). D) Monolayers stained for nuclei 
(DAPI, blue), F-actin (Phalloidin, green) and Paneth cells (Lyz1, red). E) Monolayers stained for 
nuclei (DAPI, blue), tight junctions (ZO-1, green) and proliferative cells (Ki67, red). F) Split 
panel of monolayer stained for nuclei (DAPI, blue), F-actin (phalloidin, green) and tight 
junctions (ZO-1, red). Scale bar = 20 µm. 
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Figure 4.16| RT-PCR of 2D monolayer at passage 3 to detect transcripts of cell markers 
indicative of specific cell types. RNA was harvested from 2D monolayers cultured for 14 days 
on collagen coated wells after 3 passages. A) cDNA was synthesised in addition to a no reverse 
transcriptase control. B) The cDNA was used to detect specific cell types in the sample in a 
PCR reaction. PPIA (Cyclophillin A), KRT18 (cytokeratin 18), GP2 (Glycoprotein 2), LYZ1 
(lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 1), KI67 (proliferating cells), LGR5+ (Leucine-rich 
repeat containing G protein-coupled receptor 5), CHGA (Chromogranin A) and GAPDH 
(positive control).   
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While the transcriptional data suggested gene expression of Ki67 this may not translate to 

protein expression by actively proliferating cells and thus a lack of detection by IF (Figure 

4.15 E). This, coupled with the incomplete layer of cells and lack of tight junctions between 

cells indicates that the passaged monolayer does not accurately represent the bovine 

intestine. Therefore, for future studies monolayers were not passaged but were used within 

the first 10 days of seeding.  The different monolayers which were cultured in this section are 

summarised in Table 4.1. 

  



131 
 

 Table 4.1| A table outlining the different 2D monolayers assessed for their ability to 
physiologically represent the bovine intestine. Cell seeding density refers to seeding in an 8-
well chambered slide, with the exception of uncoated wells which were seeded in a 24 well 
tissue culture plate. 

 

4.4.5  Establishment of apical-out 3D bovine enteroids 
During the studies to develop 2D monolayers the formation of 3D enteroids were observed 

growing in suspension in complete IntestiCult medium. The protocol to generate these 

apical-out structures was refined and is outlined in (Figure 4.17). By shortening the enzymatic 

digestion of enteroid fragments from 10 minutes to 5 minutes with TrypLE express, and 
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maintaining small clusters of cells, apical-out enteroids formed after 24-48 hours in 

suspension in complete IntestiCult media. These enteroids appeared phenotypically distinct 

from those embedded in Matrigel, as they were more spherical in nature with a dense core 

of cells (Figure 4.18 A). This appearance was similar to the recently developed inside-out 

chicken enteroids which similarly exist in suspension and have a dense core of cells (Nash et 

al., 2021). The suspended bovine enteroids were observed to grow in size but not in number 

by day 7 of culture (Figure 4.18 A-B). 

 

Figure 4.17| A schematic to represent the generation of apical-out 3D bovine enteroids 
from basal-out enteroids. Basal-out enteroids were cultured for 7 days and then pooled as 
described previously. The enteroids were sheared using pipetting and digested using TrypLE 
express to generate smaller fragments. These were washed in IntestiCult medium containing 
FBS and suspended in complete InstestiCult medium for culture at 37°C. 

These apical-out enteroids could be prepared from freshly harvested crypts and from 

previously passaged enteroids in the same way (Figure 4.18 E-F) (Blake et al., 2022). To 

ensure these structures maintained a barrier to the external environment through tight 

junctions, the apical-out enteroids were suspended in 4 kDa FITC dextran stain and imaged 

using confocal microscopy as described in section 2.4.5. The enteroids were treated with 20 

mM EDTA for 15 minutes prior to suspension in FITC Dextran as a positive control for the 

disruption of tight junctions (Figure 4.18 D, H). This confirmed that these apical-out enteroids 

have an effective barrier which prevents the leaky appearance observed in the positive 

control (Figure 4.18).   
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Figure 4.18| Generation of apical-out enteroids and establishment of tight-junction barrier. 
A-D) apical-out enteroids were generated from freshly isolated intestinal crypts and imaged 
using a Brightfield microscope at 1 A) and 7 days B). E-H) apical-out enteroids were generated 
from basal-out enteroids and imaged using a Brightfield microscope at 1 E) and 7 days F). 
Images are representative of 3 independent biological repeats. C-D, G-H) Confocal images of 
bovine apical-out enteroids (7 days of culture) immersed in FITC-dextran 4kDa showing 
epithelial barrier integrity in untreated C, G) and EDTA-treatment D, H). Scale bar = 50 µm. 

To confirm the apical-out polarisation of these enteroids when derived from freshly isolated 

intestinal crypts, the bovine enteroids were stained with Phalloidin to localise F-actin 

expression. In basal-out enteroids that exist in Matrigel this actin staining is predominant in 

the brush border on the apical surface of the cells which faces the lumen of the enteroid 

(Figure 4.2 B).  

The brush border was observed on the outside of the enteroid structure when enteroids 

were cultured in suspension, which is consistent with the staining observed for apical-out 

enteroids derived from other species (Nash et al., 2021) (Figure 4.19 A). Antibody staining 

was used to identify the cells present in apical-out enteroids at 3 days of culture. These apical-

out enteroids showed positive staining of LYZ1+1 Paneth cells, CHGA+ enteroendocrine cells, 

UEA-1+ glycans and ZO-1+ tight junctions (Figure 4.19 C-F). The apical-out enteroids did not 

display Ki-67 staining by 3 days of culture (Figure 4.19 B), and so it is hypothesised that after 

undergoing a brief period of proliferation to form large enteroid structures the proliferative 

cells are not sustained. 
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Figure 4.19| Apical-out bovine enteroids derived from fresh intestinal crypts show diverse 
intestinal epithelial cell lineages. A) Reverse polarisation of enteroids represented by F-actin 
staining (Phalloidin, green. Indicated by arrow) facing the external media and a dense internal 
core of cells (nuclei stained with DAPI, blue). B) apical-out enteroids were stained for nuclei 
(DAPI, blue), proliferative cells (Ki67, red), and tight junctions between cells (ZO-1, green). C) 
Cross section of an apical-out enteroid from z-stack images of inside-out enteroids stained for 
nuclei (DAPI, blue), F-actin (Phalloidin, green) and Paneth cells (LYZ1, red. Indicated by arrow). 
D) Split panel of apical-out enteroids stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) 
and tight junctions between cells (ZO-1, red). E) Split panel of apical-out enteroids stained for 
nuclei (DAPI, blue), actin (Phalloidin, green) and enteroendocrine cells (CHGA, red. Indicated 
by arrow). F) Split panel of apical-out enteroids stained for nuclei (DAPI, blue), glycans (UEA-
1, green) and tight junctions (ZO-1, red). Scale bar = 20 µm. 
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Similarly, apical-out enteroids generated from previously passaged enteroids were stained 

with antibodies to identify cell types present at 3 days of culture. These apical-out enteroids 

were more spheroid than those generated from fresh crypts, but actin staining demonstrated 

the presence of reverse polarisation (Figure 4.20 A). UEA-1+ glycans and ZO-1+ tight 

junctions were also confirmed to be present in these apical-out enteroids (Figure 4.20 B-E).  

However, there was no clearly identifiable staining for LYZ1+ Paneth cells (data not shown) 

and the staining for CHGA+ enteroendocrine cells was unlike that of the other models as it 

was more diffuse throughout the cytoplasm rather than the speckled appearance in other 

cells(Figure 4.20 D). In addition, apical-out enteroids derived from basal-out enteroids 

showed a mixed culture of both apical-out and basal-out enteroids (Figure 4.20 A). This is 

unlike the apical-out enteroids established from freshly harvested intestinal crypts which 

generated a pure culture of apical-out enteroids. 
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Figure 4.20| Apical-out bovine enteroids derived from basal-out enteroids show diverse 
intestinal epithelial cell lineages. A) Reverse polarisation of enteroids represented by F-actin 
staining (Phalloidin, green) facing the external media and a dense internal core of cells (nuclei 
stained with DAPI, blue). Orange arrow denotes apical-out enteroids, white arrow denotes 
basal-out enteroids. B) apical-out enteroids were stained for nuclei (DAPI, blue), proliferative 
cells (Ki67, red), and tight junctions between cells (ZO-1, green). C) Split panel of apical-out 
enteroids stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and tight junctions 
between cells (ZO-1, red). D) Split panel of apical-out enteroids stained for nuclei (DAPI, blue), 
F-actin (Phalloidin, green) and enteroendocrine cells (CHGA, red. Indicated by white arrows). 
E) Split panel of apical-out enteroids stained for nuclei (DAPI, blue), glycans (UEA-1, green) 
and tight junctions (ZO-1, red). Scale bar = 50 µm. 
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To compare apical-out enteroids generated from freshly isolated crypts or from previously 

passaged enteroids, the total RNA was isolated to detect differences in the expression of 

markers indicative of intestinal epithelial cell lineages. The RNA was confirmed to be free of 

contaminating RNA using a no reverse transcriptase control for each sample (Figure 4.21 A).  

For most of the cell type-specific molecules, the mRNA transcripts were present in the apical-

out enteroids generated from basal-out enteroids and fresh crypts at both 3 and 7 days of 

culture. This includes MUC2+ goblet cells and VIL1+ enterocytes (Figure 4.21 B). Interestingly, 

transcripts for KI67+ proliferative cells and LGR5+ stem cells were also detected using RT-

PCR, although the presence of proliferative cell types was not confirmed using IF staining of 

Ki67+ cells in apical-out enteroids generated from fresh crypts (Figure 4.19 B). While LYZ1+ 

Paneth cell transcripts were observed in apical-out enteroids generated from freshly isolated 

crypts at 3 and 7 days of culture, the transcripts could not be detected in those generated 

from basal-out enteroids, which is consistent with the IF staining observed for the apical-out 

enteroids generated from basal-out enteroids.  Similarly, CHGA+ enteroendocrine cells were 

detected only in apical-out enteroids generated from fresh crypts at 3 days of culture (Figure 

4.21 B) which is consistent with the IF staining (Figure 4.19 E).  

Due to the limitations of the apical-out enteroid cultures generated from basal-out enteroids, 

such as the reduced cell repertoire (Figure 4.21) and presence of basal-out enteroids in the 

culture, (Figure 4.20 A), for further studies apical-out enteroids were generated from freshly 

isolated crypts and experiments were conducted within 7 days of their generation.  
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Figure 4.21| RT-PCR of apical-out enteroids generated from previously passaged enteroids 
and freshly isolated crypts to detect transcripts of cell markers indicative of specific cell 
types. RNA was harvested from apical-out enteroids at 3 days (3D) and 7 days (7D) of culture. 
A) cDNA was synthesised in addition to a no reverse transcriptase control. B) The cDNA was 
used to detect specific cell types in the sample in a PCR reaction. PPIA (Cyclophillin A), KRT18 
(cytokeratin 18), GP2 (Glycoprotein 2), LYZ1 (lysozyme 1), MUC2 (Mucin 2), VIL1 (Villin 1), KI67 
(proliferating cells), LGR5+ (Leucine-rich repeat containing G protein-coupled receptor 5), 
CHGA (Chromogranin A) and GAPDH (positive control). 1= apical-out enteroids generated 
basal-out enteroids at 3 days culture. 2 = apical-out enteroids generated from basal-out 
enteroids at 7 days culture. 3 = apical-out enteroids generated from fresh intestinal crypts at 
3 days culture. 4 = apical-out enteroids generated from fresh intestinal crypts at 7 days 
culture. 5 = no template control.  
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It is worth noting that there is some biological variance between different calves and the cell 

types present in apical-out enteroids generated from these, be it from freshly isolated crypts 

or from basal-out enteroids which are then used to generate apical-out enteroids. Appendix 

F shows that enteroids generated from fresh crypts derived from a separate calf to Figure 

4.21 do not show transcripts for the murine M cell marker (GP2), KI67+ proliferative cells or 

LGR5+ stem cells. Similarly, Appendix G demonstrates apical-out enteroids generated from 

basal-out enteroids have transcripts for LYZ1+ Paneth cells and CHGA+ enteroendocrine at 7 

days culture, unlike those from a separate calf shown in Figure 4.21. This variation is not 

observed in the basal-out enteroids or the 2D monolayers which are observed to be more 

consistent will the cell types present in biological replicates (Figure 4.4, 4.5, 4.10 and 4.15) 

Expression of gene transcripts for proliferative cell markers such as KI67 and LGR5, may not 

be maintained in culture over time. This is supported by the RNA transcript data harvested 

from apical-out enteroids which had been passaged 3 times (Appendix G). To passage apical-

out enteroids, the enteroids were cultured for 7 days, pooled and exposed to TrypLE express 

for 5 minutes at 37°C. The sample was pelleted and re-suspended in complete InstestiCult 

media containing 10% FBS to form apical-out enteroids. Over three consecutive passages, 

which were performed as described for the basal-out enteroids, progressively smaller apical-

out enteroids formed which did not increase in number. Upon isolation of the RNA and 

confirming the absence of contaminating genomic DNA (Appendix G panel A), many of the 

cell specific molecules which had been present at 3 and 7 days of culture were absent upon 

passaging. This includes GP2+ cells, LYZ1+ Paneth cells, KI67 proliferative cells and LGR5+ 

stem cells. The transcripts for MUC2+ goblet cells and CHGA+ enteroendocrine cells were 

also reduced after passaging (Appendix G panel B). It could therefore be concluded that the 

apical-out enteroids cannot be passaged and maintain the diverse epithelial cell types of the 

intestine.  
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4.5 Conclusion 
In conclusion, the models outlined in this chapter contain the diverse cell type repertoire 

characteristic of the intestine in vivo. 3D basal-out bovine enteroids, 2D monolayers and 3D 

apical-out enteroids can represent the bovine intestine in a more relevant way than utilising 

single cell type cell lines, whilst retaining many of the conveniences of in vitro cell culture. 

However, there are different considerations for the use of each model, owing to the 

differences in their cell types, morphology and ability to be passaged. 

The development of bovine apical-out enteroids exposes the apical side of the cells for an 

easier infection route compared to the typical basal-out 3D enteroids, whilst maintaining the 

complex 3D structure of the intestine unlike the 2D monolayers. However, unlike the basal-

out enteroids or the 2D monolayers, the apical-out enteroids do not contain proliferative 

cells and so do not contain the full repertoire of intestinal epithelial cell types. This has 

implications for longevity and passaging: while the basal-out 3D enteroids can be maintained 

by serially passaging, this is not possible for either the 2D monolayer or the apical-out 

enteroids. 

The apical-out enteroids were most effectively generated when sourced from fresh crypts 

isolated from the bovine intestine, similar to the 2D monolayers. While both these models 

could be generated from previously passaged 3D enteroids, their formation was less 

successful due to the number of enteroids required for both systems and the time required 

to generate these. In addition, while apical-out enteroids can be generated from basal-out 

3D enteroids it is not a pure culture as   1̴0% of the culture remains in a basal-out formation. 

The reliance on bovine tissue limits the scalability of these models, but further comparison 

between these models when generated from fresh crypts or previously passaged enteroids 

could indicate the differences are minimal and allow the greater use of basal-out enteroids, 

reducing the requirement for animal availability.  

Overall, the presence of the diverse epithelial lineages makes these enteroid models suited 

for the study of the direct interaction between MAP and the host epithelium. These models 

offer a highly controlled method of studying host-pathogen interaction which allows the 

exclusion of confounding factors. While each model has different advantages, their 

generation allows a greater understanding of the bovine intestine with possibility of 

increasing their complexity through co-culture with immune cells or the microbiota.  
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5 Modelling MAP infection of bovine enteroid 

models 
5.1 Introduction 

5.1.1 Differing virulence across strains of MAP 
The methods developed in chapter 4 were used to investigate MAP infection, with the aim 

to compare strains of MAP with differing virulence. Most previous studies using MAP have 

used the reference strain of MAP, K10. However, there are concerns about a reduction in this 

strains virulence due to its high passage number. 

The effect of serial passaging has been documented for several bacterial species as a serious 

issue due to its effects on virulence and proteomic profiling (Duangurai et al., 2020). Serial 

passaging has classically been used to generate attenuated strains for vaccines or safe model 

strains to be used in the lab (Vos et al., 2014). For example, Mycobacterial species such as 

the Bacille Calmette-Guérin (BCG) vaccine strain, the H37Ra strain of M. bovis and the H37 

vaccine strain of Mycobacterium tuberculosis have been generated through serial passaging 

of the parent strain (Smith, 1988; Steenken & Gardner, 1946). 

Banking organisations such as American Type Culture Collection (ATCC) have enabled the 

storage of multiple bacterial strains which had previously been passaged for years. In vitro 

passaging can alter strain characteristics between each other and to the original host 

environment by selecting for sub-clones of bacteria which are better able to survive and 

replicate in a laboratory environment. This has the effect of altering the virulence and 

proteomic profile of the bacteria which may then have a knock-on effect on the immune 

activation of the host in response to infection. Serial passaging has also been shown to lead 

to the collection of mutations in the genome of bacteria (Wagley et al., 2019). All this can 

result in producing a strain of bacteria which is no longer representative of the species 

capable of causing native infections in vivo. 

The virulence of lab-adapted strains has been hypothesised to be augmented by passaging 

through an in vivo host. However, the passage of Mycobacterium tuberculosis through mice 

and guinea pigs was not found to enhance the virulence of the strain and this method has 

ethical and time considerations which are not always possible due to the requirements for 

high containment of animals (Converse et al., 2010). This emphasises the need to store low-

passage bacterial strains which have been recently isolated from a clinical sample. 
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The reference strain of MAP, K10, has an unknown passage number due to the long period 

of in vitro passages prior to its storage. Previous comparisons between the reference strain, 

K10, and a recent isolate, strain 187, suggest that strain K10 has undergone lab-adaptation 

(Radosevich et al., 2006).  

Further support for the hypothesis that MAP K10 has become lab-adapted and has reduced 

virulence comes from a phylogenetic study which examined the SNPs present in 141 MAP 

isolates from various origins and lineages. MAP K10 sourced from ATCC BAA 968 and 2 other 

strains which were passaged from primary isolation were analysed for changes in their 

sequences after passaging up to 37 times. All strains investigated had accumulated at least 

one mutation, and an insertion of a G within MAPK_3949 of MAP K10 resulted in a frameshift 

in mmpL4_7 (Bryant et al., 2016). Inactivation of mmpL genes often results in differences in 

colony morphology, reduced sliding motility and reduced biofilm formation. These genes 

have also been implicated in survival of M. tuberculosis in murine lungs (Domenech et al., 

2005), and DNA vaccines including an mmpL sequence from MAP have been shown to induce 

a protective response against MAP colonisation in the spleen and mesenteric lymph nodes 

(Huntley et al., 2005). Therefore, a mutation in this gene potentially reduces virulence in MAP 

K10. As passaging of MAP has resulted in mutations within the MAP genome, some of which 

may contribute to strain attenuation, future studies of the MAP: host should include multiple 

strains of MAP to ensure accurate conclusions can be drawn. 

5.1.2 Responses of epithelial cells to MAP infection  
Upon traversing the intestinal lining MAP is phagocytosed by macrophages or dendritic cells 

underlying the Peyer’s patch. Following infection MAP is either killed by the macrophage by 

various mechanisms, or survives intracellularly (section 1.11). A major outcome of infection 

is the induction of cytokine and chemokine expression that orchestrate the immune and 

inflammatory response to MAP (Coussens et al., 2004a).  

Many enteric pathogens initiate infection by traversing the intestinal epithelium and inducing 

a pro-inflammatory state by induction of pro-inflammatory cytokines and chemokines. For 

example, MAP has been shown to upregulate IL-6 within 30 minutes post-infection, and IL-

1β and TNFα at 4 hours post-infection in bovine ligated intestinal loops (Khare et al., 2009). 

Monocyte chemoattractant protein (MCP-1) was also upregulated in calf ileal loops, which 



143 
 

can recruit other mononuclear cells such as macrophages and lymphocytes and can promote 

MAP proliferation through infection and survival within these cells.  

However, these changes are transient and these pro-inflammatory cytokines are later down-

regulated (Khare et al., 2009). After the initial infection, MAP induces an anti-inflammatory 

state and it has been hypothesised that increased expression of IL-10 is linked to 

mycobacterial evasion of the immune system. Cattle with JD have been shown to express 

higher levels of the anti-inflammatory cytokines TGF-β and IL-10 than uninfected or infected 

subclinical cattle (Khalifeh & Stabel, 2004). Mice deficient in IL-10 were better able to control 

mycobacterial infections than their wild-type counterparts, and so it is hypothesised that 

MAP induces expression of immune-regulatory cytokines to hinder the protective pro-

inflammatory host response (Murray & Young, 1999)  

In the early subclinical phase of infection, the cell-mediated Th1 response is dominant which 

is thought to be protective. The Th1 lymphocyte population produces IL-2, TNF-β and IFN-γ 

cytokines which direct cell mediated function (Billiau et al., 1985; Salgame et al., 1991). As 

the infection progresses there is a temporal shift to a Th2 dominant response which is when 

clinical disease becomes apparent (Begg et al., 2011). The Th2 subpopulation of lymphocytes 

induces the humoral response and antibody secretion via the production of IL-4, IL-5, IL-6 

and IL-10 (Cherwinski et al., 1987; Coussens et al., 2004b; Mosmann & Coffman, 1989). 

The complexity of the initial interaction of MAP with the intestinal epithelial cells has not 

been well documented. Recent evidence has shown that the outcome of MAP infection can 

be influenced by its interaction with epithelial cell types of the intestine (Bannantine & 

Bermudez, 2013).  

5.1.3 Aims and objectives 
In this chapter, the bovine enteroid derived models described in Chapter 4 were used to 

investigate MAP interaction with intestinal epithelial cells in the context of its natural host 

and site of infection. MAP K10 and a recently isolated clinical strain of MAP, C49, were used 

to compare their ability to infect these models. This may identify differences in virulence 

between strains of MAP, and may emphasise the need to use low-passage field strains for 

future MAP research.  

The host response to these strains were investigated through cytokine expression in 3D 

basal-out enteroids. Using this, the contribution of epithelial cells to the host immune 
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response were analysed to identify if a protective host response can be identified against 

MAP.  

The ability of the three bovine intestinal models to allow MAP infection were analysed using 

both immunofluorescence (IF) microscopy and qPCR of genomic DNA. This was to assess 

differences between the models and their interaction with different strains of MAP to allow 

a greater understanding of the most appropriate model to study intracellular enteric 

pathogens.     
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5.2 Materials and Methods 

5.2.1 Infection of 3D Basal-Out Enteroids 
Infection of basal-out 3D enteroids, which were generated as described in chapter 4 section 

4.3.3, was adapted from the methods described in Derricott et al., 2019 and is outlined in 

Figure 5.1. Enteroids were passaged routinely to increase the number of enteroids available 

and cultured for 7 days prior to infection as described in section 4.3.1.4. On the seventh day, 

media was removed and the Matrigel dome diluted in 1 mL ice-cold DMEM/F12. Suspended 

Matrigel and enteroids were pooled into a collection tube, and enteroids centrifuged at 277 

x g for 5 minutes. The supernatant was removed and the remaining pellet was suspended in 

1 mL ice-cold DMEM/F12. The enteroids were sheared with mechanical disruption via 

pipetting to expose the apical surface of the cells. 

The sheared enteroids were then incubated with resuscitated MAP in suspension so that 

each well in an infection condition had 2500 sheared enteroids incubated with 2 x 107 

CFU/well. This correlated with an estimated MOI of 100, as each enteroid fragment 

contained on average 80 cells, as counted from previous experiments. Non-infected 

enteroids were used as a negative control, and for cytokine analysis the equivalent of 100 ng 

crude LPS/well was added to the suspension of fragmented enteroids as a positive control. 

The enteroid suspension was incubated at 37°C in a water bath for 1 hour to allow the 

sheared enteroids to seal over with MAP contained in the luminal space. The enteroid 

suspension was then centrifuged at 40 x g for 2 minutes. The supernatant was removed, 

leaving behind a loose pellet. The pellet was re-suspended in 1 mL of IntestiCult containing 

Y27632, SB202190 and LY2157299 (complete IntestiCult) and centrifuged at 40 x g for 2 

minutes. This process was repeated once more to remove any non-adherent bacteria and 

the final pellet re-suspended in complete IntestiCult medium.  

The final pellet was re-suspended in 500 µL/well of IntestiCult.  500 µL of the enteroid 

suspension was used to seed wells coated in dilute Matrigel (1:20). This corresponded to 

seeding each well with 2500 fragmented enteroids, equivalent to 2 x 105 cells, and an initial 

infection inoculum of 2 x 107 CFU MAP/well prior to washing (MOI 100). The plates were 

centrifuged at 40 x g for 5 minutes and samples processed for IF staining (section 2.4.3), gDNA 

isolation for quantification of the level of infection (section 2.2.1 and 2.6.1), or incubated for 

a further 24 and 72 hours at 37°C.   
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Figure 5.1| A schematic to show infection of sheared 3D enteroids. 

 

5.2.1.1 Coating of latex beads 
For co-infection studies of 3D basal-out enteroids with MAP and fluorescently labelled green 

latex beads 1 µm in diameter, the beads were diluted 1:100 in FBS. Beads were incubated at 

37°C for 1 hour before being centrifuged at 5000 x g for 10 minutes. The beads were re-

suspended in PBS and centrifuged at 5000 x g for 10 minutes. This was repeated twice more 

and the final pellet suspended in complete IntestiCult media at a 1:100 dilution of the original 

bead volume. For infection, the equivalent of 75 µL of this suspension was used to inoculate 

fragmented enteroids in suspension, and MAP inoculum was added as described in section 

5.2.11. The samples were then fixed in 4% paraformaldehyde at 4°C for IF staining. 
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5.2.1.2 Reference gene analysis for RT-qPCR 
To investigate the most appropriate gene to use as a reference gene for 3D basal-out 

enteroid infection a subset of samples spanning different infection conditions in all biological 

replicates were selected for analysis. The primers designed against the reference gene 

candidates are shown in Appendix I. 

BestKeeper Analysis (Pfaffl et al., 2004) software was used to analyse the variation between 

Ct values in the conditions tested for these samples. Ct values were used to measure gene 

expression stability relative to all other candidate reference genes; SD, and the standard 

deviation of the Ct values relative to the software index measure; r. 

5.2.2 Infection of 2D Monolayers 
2D monolayers were generated and cultured on collagen coated wells as described in section 

4.3.2. Once the monolayers had been cultured for 72 hours, the media was aspirated, and 

MAP diluted to the appropriate CFU/ml was added. This corresponded to 2 x 105 cells/well 

with a final inoculum of 2 x 106 CFU MAP/well prior to washing (MOI 10). This is lower than 

that used for the 3D enteroid models as the apical surface of the cells in the 2D monolayer is 

more likely to interact with bacterium compared to the 3D enteroids which are infected with 

MAP in whilst in suspension in a larger volume. The plates were incubated at 37°C for 1 hour 

with 5% CO2 before being washed 3 times with PBS. Wells were then either processed for 

gDNA isolation to quantify the level of infection (2.2.1 and 2.6.1), IF staining (section 2.4.3), 

or fresh complete IntestiCult media was added for 24 and 72 hours for later time points. 

5.2.3 Infection of Apical-Out Enteroids 
For infection studies, apical-out enteroids were cultured for 4-5 days to ensure the enteroids 

were free from contamination and fully formed. The apical-out enteroids were then 

centrifuged at 400 x g for 5 minutes and the supernatant removed. The apical-out enteroids 

were suspended in the appropriate volume of MAP which corresponded to 2500 enteroids 

per well, equivalent to 2 x 105 cells, and an initial infection inoculum of 2 x 107 CFU MAP/well 

prior to washing (MOI 100). The samples were incubated at 37° C for 1 hour and were then 

centrifuged at 40 x g for 2 minutes and the supernatant removed. The apical-enteroids were 

re-suspended in complete IntestiCult media and vortexed for 5 seconds being centrifuged at 

40 x g for 2 minutes. This was repeated once more before the enteroids were re-suspended 

in the appropriate volume of complete IntestiCult to plate into a 24-well-plate with 500 

µL/well. This corresponds to plating 2500 apical-out enteroids/well with an inoculum of 2 x 
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107 CFU/well prior to washing. Samples were then processed for gDNA isolation to quantify 

the level of infection (section 2.2.1 and 2.6.1), IF staining (section 2.4.3), or incubated for a 

further 24 and 72 hours at 37°C. 

5.2.4 Statistical analyses 

Results are expressed as the mean of biological replicates ± standard deviation (SD). 

Statistical analysis was performed in GraphPad Prism using the appropriate statistical test as 

specified followed by the appropriate post hoc test for statistical significance.  
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5.3 Results 

5.3.1 Infection of 3D bovine enteroids with MAP 
The 3 different models described in chapter 4 were developed to create physiologically 

relevant and species-specific models to infect with enteric pathogens such as MAP, whilst 

reducing the number of animals required for these experiments. Some differences in the 

abundance of cell specific molecules were observed between bovine enteroid models, as 

described in chapter 4. Therefore, all models were assessed for their ability to represent 

infection with 2 different strains of MAP (Blake et al., 2022); K10 (the reference strain), and 

C49, a recently sampled clinical isolate with a low passage number that has been sequenced 

in our lab (Mathie et al., 2020).  

The polarisation of basal-out 3D enteroids results in an intestine like shape with the apical 

side of the cells facing the inside, representing the lumen of the in vivo intestine. In previous 

infection experiments, this necessitated micro-injection of microbes into the lumen of the 

enteroid to represent the appropriate orientation of microbe-host interaction (Leslie et al., 

2015; Williamson et al., 2018). While this strategy guarantees interaction between the apical 

surface of the cells and microbe, it is limited as it is labour intensive, time consuming and 

makes it difficult to scale up the experiment into a higher-throughput set-up. The difference 

in size between enteroids also results in variable MOI between individual enteroids 

depending on the volume of inoculum used to inject the lumen. 

To mitigate this, sheared 3D enteroids were used to infect with MAP, as outlined in Figure 

5.1. The main limitation to this protocol is the equal exposure of apical and basal sides of the 

cell to MAP. However, the scalability of this procedure in comparison to individual micro-

injections makes this a desirable method to use to establish any strain differences of MAP. In 

addition, this protocol results in homogenous exposure of individual cells within an enteroid 

to the microbe, making the MOI standardised between wells.  

Using the protocol outlined in Figure 5.1, basal-out enteroids cultured from the same calf at 

3 separate passage numbers were infected with MAP K10 and C49. It was hypothesised that 

MAP K10 has become lab adapted due to serial passaging in the lab, and therefore would be 

less able to infect the enteroids than the more clinically relevant strain of MAP, C49. The high 

MOI was utilised to ensure an adequate number of interactions between the bacteria and 
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the apical surface of the cells, as interactions between MAP and the basal side of the cells 

would also occur with the enteroids in suspension.    

gDNA was isolated from the infected enteroids at 1 hour, 24 hours and 72 hours post 

infection and used to quantify the number of bovine cells and bacterial cells present using 

qPCR with primers outlined in Appendix H designed specifically against the single copy genes 

spastin and F57 respectively (Figure 5.2). gDNA was used to quantify MAP infection as this 

has previously been shown to be reliable for the rapid estimated of MAP numbers in a sample 

(Elguezabal et al., 2011). 

The number of bovine cells was observed to increase in all conditions by 72 hours due to the 

proliferation of the enteroids. The biggest increase in bovine cell number was observed for 

enteroids incubated with complete IntestiCult media alone. Compared to the un-infected 

control, there was a decrease in bovine cell number upon infection with MAP K10. This trend 

became more noticeable for enteroids incubated with MAP C49 at 72 hours post-infection 

but was not statistically significant (Figure 5.2 A). It is possible that infection with MAP 

negatively impacts cellular replication or increases cell death. While the mechanism 

responsible for this decrease in bovine cell number is unknown, it is evident that MAP C49 

has a greater impact on the host than MAP K10. At all time points investigated, greater 

genome copy number (GCN) of MAP C49 were present than MAP K10. This was statistically 

significant at 24 hours post infection, where 3.55 x 106 GCN of MAP K10 were recovered, 

compared to 8.37 x 106 GCN of MAP C49 (Figure 5.2 B). From this, it could be inferred that 

MAP C49 was better able to attach and invade bovine enteroids than the K10 MAP reference 

strain.   

Interestingly, while MAP K10 numbers remained relatively consistent across the course of 

infection, there did appear to be a slight decrease in the number of MAP C49 recovered at 

72 hours post infection. This is typically observed in in vitro MAP infection experiments as 

MAP replicates slowly or not at all but is not successfully cleared by the host.  
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Figure 5.2| Quantitation of bovine and MAP cell number upon infection of 3D basal-out 
bovine enteroids. Enteroids derived from 3 different calves at passage 5 were infected with 1 
x 107 CFU MAP/well with two technical replicates per condition. The bovine A) and bacterial 
B) cell number was quantified using qPCR with three technical repeats per sample for the 
spastin and F57 gene respectively (data presented as mean ± SD). Statistical analysis 
performed using 2-way ANOVA followed by a post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; 
P<0.001 = ***; P<0.0001 = ****. 
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To confirm MAP K10 and C49 were able to infect 3D basal-out bovine enteroids via the apical 

side of the cells, enteroids at three different passage numbers derived from the same calf 

were infected with MAP; fixed; and stained with IF antibodies (Figure 5.3) outlined in 

Appendix C. The confocal images demonstrate some attachment of MAP to the basolateral 

sides of the enteroids. It is not unexpected that MAP was able to bind to this side of the cells 

as MAP is shed into the lumen of the intestine after infection to be excreted in the faeces as 

part of its pathogenesis, and so it is likely the bacteria can traverse the intestinal lining in 

both directions. While this indicates that not all of the infection events are occurring from 

the apical side of the cell as it would in the in vivo host, both MAP K10 and MAP C49 were 

present in the luminal space by 1 hour post-infection and attached to the apical side of the 

cells (Figure 5.3 A).  

In these images, MAP C49 was observed to become intracellular by 24 hours which indicated 

the 3D basal-out enteroids are permissive to infection by MAP (Figure 5.3 B). By 72 hours 

MAP K10 was also observed to be intracellular and appeared to migrate to the outer region 

of the enteroid (Figure 5.3 C), mimicking what would occur in vivo as MAP translocates across 

the epithelial barrier. Interestingly, there are remnants of degraded enteroids present in the 

culture when infected with MAP C49 by 72 hours (Figure 5.3 D). This could support the theory 

that the reduced bovine genome copy numbers recovered at 72 hours in this infection 

condition is due to either bacterial-induced killing of the host cells or apoptosis, rather than 

a reduced ability to replicate. However, a greater number of image replicates would need to 

be taken to quantify MAP infection phenotype for this to be confirmed.  

Collectively, the data gathered indicates the basal-out bovine enteroids are capable of 

representing a natural infection in a physiologically representative model of the bovine 

intestine, and clear differences between MAP K10 and MAP C49 can be highlighted using this 

model. 
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Figure 5.3| IF staining of 3D basal-out enteroids infected with MAP. 3D basal-out enteroids 
derived from one calf at 3 passage numbers, 5, 8 and 10, were infected with MAP and stained 
for imaging on the LSM710 confocal microscope 1 hour A) 24 hours B) and 72 hours C-D) post 
infection with either C) MAP K10 or D) MAP C49 with an MOI 100. Images are created from a 
series of Z-stacks collated to give a cross-sectional overview of the enteroid. Enteroids were 
stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and MAP (anti-MAP, red). 
Secondary-only controls were used to eliminate background fluorescence. Thin white arrow 
denotes bacteria bound to the basolateral surface of the cells. Thick white arrow denotes 
bacteria in the luminal space. Thin orange arrow denotes bacteria amongst degraded 
enteroids. Thick orange arrow denotes intracellular bacteria. Scale bar = 10 µm.  

 

Cell specific molecules for bovine M cells are not established and therefore the presence of 

these cells in the 3D bovine enteroids could not be reliably determined through RT-PCR 

(Figure 4.4) and co-localisation between MAP and M cells in a bovine enteroid system could 

not be assessed using IF staining.  

Here, the uptake of beads by phagocytosis was used as a proxy for M cells reflecting their 

capacity for active uptake of antigens and pathogens such as MAP. Enteroids derived from 

the same calf but at 3 different passage numbers, 5, 8 and 10, were simultaneously infected 

with MAP C49 and fluorescently labelled green latex beads in three independent 

experiments. The assumption was that if the beads were shown to become intracellular, 

these cells would be M cells. Additionally, if MAP were to co-localise with the beads in these 

phagocytic cells to a higher degree than in cells without these beads, it could be hypothesised 

that MAP displays cell tropism to M cells in comparison to the other cell types present in the 

enteroids.  

At 1 hour post infection, both MAP C49 and the latex beads were bound to the actin on the 

basolateral side of the enteroid (Figure 5.4 A). The latex beads did not appear to be 

intracellular and were likely attached to the surface of the enteroid non-specifically. The MAP 

and bead(s) were not co-localised in the same cell. By 24 hours post infection, MAP and the 

latex bead(s) were present in the luminal space due to the sheared enteroid re-sealing 

around both of them. It remains unclear if the beads were intracellular (Figure 5.4 B). By 72 

hours post infection, there were several infection events of MAP C49 present in the enteroid, 

some of which were intracellular. Some MAP appeared to remain in the centre of the 

enteroid in the luminal space, where the latex bead(s) were located (Figure 5.4 C). However, 

co-localisation was difficult to show.  
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From this, it was unclear that beads were being phagocytosed by a single cell, and MAP was 

only observed to co-localise with the beads in the luminal area. Therefore, it is unlikely that 

these enteroids contained M cells but other cell types which are permissive to MAP infection 

are present in the enteroids. This is expected as RANK-L is required for M cell induction, and 

offers support to the premise that the GP2, PPIA and KRT18 cell specific molecules identified 

in the basal-out enteroids are not specific for bovine M cells.  
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Figure 5.4| IF staining of enteroids infected with MAP and latex beads. IF staining of 3D 
basal-out enteroids imaged on the LSM710 confocal microscope 1 hour A) 24 hours B) and 72 
hours C) post infection with MAP C49 at an MOI 100 and 1 µm green latex beads. Images are 
created from a series of Z-stacks collated to give a cross-sectional overview of the enteroid. 
Enteroids were stained for F-actin (Phalloidin, blue) and MAP (anti-MAP, red). Images are 
representative of 3 independent replicates from enteroids derived from the same calf at 
passage numbers 5, 8 and 10, using secondary-only controls to eliminate background 
fluorescence. Thin white arrow denotes beads in the luminal space. Thick white arrow denotes 
beads on the baso-lateral side of the enteroid. 
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5.3.2 Effect of MAP infection on bovine enteroid gene expression 
From the data gathered using qPCR of genomic DNA there was a significant difference 

between MAP K10 and MAP C49 at 24 hours post infection, and this trend was consistent at 

all time points. A slight decrease in MAP C49 at 72 hours post infection was also observed, 

alongside a decrease in the number of bovine cells present at this time point when infected 

with MAP C49 compared to uninfected controls and MAP K10 infected enteroids (Figure 5.2). 

To investigate the host response associated with these differences, total RNA was isolated 

from 3D basal-out enteroids derived from 3 separate calves to assess cytokine production 

upon infection with 2 different strains of MAP. Bovine enteroids exposed to crude LPS were 

used as a positive control, and un-infected enteroids were used as a negative control.  

The total RNA was isolated at 1 hour, 24 hours and 72 hours post-infection as described in 

section 2.5.3. The RNA was quantified and 100 ng in total was synthesised into cDNA (section 

2.5.6) with a no RT control to confirm the absence of contaminating genomic DNA using 

primers designed against bovine GAPDH (Figure 5.5). For some samples no transcript was 

observed and so the quantity of RNA used to synthesise the cDNA was increased, and the 

concentration of cDNA was then normalised to the other samples prior to qPCR. Other 

samples showed genomic DNA remained in the sample as a band was observed in the no RT 

control, and therefore the RNA was treated with TURBO DNase (section 2.5.5) and assessed 

for genomic contamination upon re-synthesising the cDNA.  

Across 3 biological replicates each with three technical repeats, 2 technical repeats from 

different infection conditions could not be cleared of contaminating genomic DNA and were 

removed from the analysis. For the remaining samples, the technical repeats within a 

biological replicate were pooled for qPCR analysis.  
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Figure 5.5| RT-PCR of RNA isolated from 3D enteroids infected with MAP to confirm the 
absence of genomic DNA. RNA was harvested from 3D enteroids cultured for 7 days prior to 
infection with MAP K10, MAP C49 or 100 ng crude LPS. 100 ng of RNA was synthesised into 
cDNA in addition to a no reverse transcriptase control for each sample. Image is 
representative of the 3 biological replicates demonstrating technical repeats of infection 
conditions at 1 hour A) 24 hours B) and 72 hours C) post infection.  

3D enteroids are known to have higher variation in gene expression between replicates 

compared to cell line work due to their greater complexity. There is a variety of cell types 

present in the enteroids which may also differ in abundance depending on the animal the 

enteroids are sourced from and the culture conditions of the enteroids. Even within a single 

culture the enteroids may differ due to size and oxygen or nutrient diffusion (de Souza, 2018). 

Therefore, to decrease the variation it is necessary to normalise the expression of the gene 

of interest to an internal control, the reference gene.  

For reliable RT-qPCR results the analysis required a stably expressed reference gene. In the 

past, GAPDH has been widely used as a reference gene for eukaryotic cells but it is not always 

the most appropriate gene to use due to the variation of its expression between tissues 

(Kozera & Rapacz, 2013). Here, primers were designed against four candidate reference 

genes (Appendix I) to their suitability as reference gene(s), GAPDH (Glyceraldehyde-3-

Phosphate dehydrogenase), C13ORF8 (chromosome alignment maintaining phosphoprotein 

1), SART1 (spliceosome associated factor 1) and REPS1 (RALBP1 associated Eps domain 
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containing 1). The stability of the expression of the candidate genes was assessed using the 

statistical algorithm BestKeeper.  

The candidate genes were selected as they have been previously implicated in their use as 

reference genes for bovine cells or are involved in cellular basal metabolism and so it has 

been hypothesised these genes are constitutively expressed (Jensen et al., 2008, 2016, 2018). 

A subset of samples spanning infection conditions and time points from each biological 

replicate were used to assess the candidate genes in each situation to validate the stability 

of their expression.  

The amplification specificity of the primers (Appendix I) for each candidate gene was 

confirmed by the presence of a single PCR product of the correct size using gel 

electrophoresis (Figure 5.6). The PCR products were used to generate the standard curve 

template for the qPCR. Dissociation curves revealed single peaks indicating the absence of 

primer dimers formation and most genes investigated, with the exception of TNF, IL-23A and 

TGFβ1 (Appendix J). 

 

 

 

 

 

 

 

Figure 5.6| Agarose gel (1%) electrophoresis showing single PCR products for candidate 
reference genes. A PCR using primers designed against 4 different candidate reference genes 
was done to confirm the specificity of the primers via the production of a single PCR band.  
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Of the 4 candidate reference genes, GAPDH was initially shown to be unsuitable as a 

reference gene due to its high level of expression, shown from the intensity of the band 

(Figure 5.6). As optimal reference genes are expressed in a similar level to the genes of 

interest, it was unlikely that GAPDH expression would be similar to cytokine expression from 

epithelial cells. In addition, analyses carried out using BestKeeper software excluded GAPDH 

and c13orf8 as viable reference genes. Using this algorithm, genes with a standard deviation 

(SD) of the Ct values greater than 1 are not appropriate as reference genes. Both GAPDH and 

c13orf8 have SD values of 1.38 and 1.46 respectively, making them unsuitable for use 

according to Bestkeeper. These genes also demonstrated coefficient variation (CV) values of 

7.42% and 6.18%, indicating these genes had the highest variation in expression (Table 5.1). 

The remaining two genes had acceptable SD values for use as reference genes. As it is more 

reliable to use 2 reference genes for qPCR analysis than one, both genes were used for 

subsequent RT-qPCRs using the geometric mean of the Ct values to compare the Ct values of 

the genes of interest against (Vandesompele et al., 2002).  

 

Table 5.1| BestKeeper analysis of 4 candidate reference genes across different infection 
conditions in 3 biological repeats. Geometric mean of the Ct values (GM), Standard deviation 
of the Ct (SD) and the Coefficient variation of the Ct values (CV). 
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Similarly to the reference genes, primers were designed against genes specific for certain 

cytokines produced by mammalian cells (Appendix K). The primer efficiencies were 

calculated from the standard curves generated by RT-qPCR and were shown to be within the 

acceptable range for reliable RT-qPCR quantification (1.9 – 2.1) (Table 5.2), and the standard 

curves revealed acceptable correlation coefficient confirming the reliability of the primer 

pairs in the RT-qPCR.  

 

Table 5.2| A table of the PCR efficiencies for all primers used in qPCR analysis.  

 

It was hypothesised that the greater abundance of MAP C49 than K10 in the enteroid cultures 

could be attributed to MAP C49 more successfully subverting the host immune response 

enabling its survival and growth. To this end, TNF-α, IL-8, IL-17A, IL-1β, IL-23A, IFNγ, IL-6, 

TGFβ1 and TGFβ2 were investigated for differential expression between infection conditions 

using RT-qPCR. Each of these cytokines have been implicated in the inflammatory or immune 

response to MAP. While there were no statistically significant differences in the cytokine 

gene expression between the MAP infected 3D basal-out enteroids and the non-infected 

control, there were significant differences over time that warrant further investigation.  

The LPS stimulated basal-out enteroids did not produce statistically different expression in 

any of the cytokines investigated compared to the non-infected control. LPS was presumed 

to be an appropriate positive control for cytokine stimulation as previous studies have shown 
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LPS induces IL-8 (Angrisano et al., 2010; Cario et al., 2000) and IL-10 expression (Lotz et al., 

2007) from mucosal intestinal cells, and it was hypothesised other cytokines may be induced 

by LPS. Upon completion of the experiments to investigate cytokine expression from the 

enteroids in response to MAP infection, the inclusion of the inhibitors for enteroid culture 

was further investigated. An inhibitor required for the maintenance of basal-out enteroids is 

the p38 MAP kinase (p38 MAPK) inhibitor, and LPS stimulation of several downstream 

pathways have been shown to utilise p38 MAPK (Zhong & Kyriakis, 2007). MAP is more 

complex than LPS and may stimulate alternative pathways for cytokine production. For this 

reason, the analysis was continued to identify if there were strain differences between MAP 

K10 and MAP C49 in their cytokine production, with the knowledge that these would be p38 

MAPK independent methods and that any changes which would occur through p38 MAPK 

dependent methods in an in vivo experiment would not be observed in this study.  

Typically, TNFα is produced by activated macrophages and T cells as part of the cell mediated 

immune response (Begg et al., 2011; Dudemaine et al., 2014; Koets et al., 2002; Roussey et 

al., 2014), and is associated with granulomatous inflammation and cachexia in  MAP 

infection. It is linked with the initiation of a protective immune response to mycobacteria, 

and mice deficient in TNFα production show enhanced dissemination of mycobacteria 

following infection (Kaneko et al., 1999). It also plays an important role in the inhibition of 

mycobacterial growth in vitro. IL-8 expression has also been shown to be elevated in ileal 

tissue infected with MAP compared to non-infected controls (Coussens et al., 2004). Calves 

with paucibacillary and multibacillary lesions have both been shown to have elevated levels 

of IL-8 expression compared to the uninfected control (Smeed et al., 2007). Therefore, 

elevated IL-8 levels is a commonly observed pro-inflammatory host response.  

The reduction of TNFα and IL-8 observed in the bovine enteroid cultures at 24 and 72 hours 

post-infection (Figure 5.7) likely protects against tissue damage which could be caused by a 

pro-longed pro-inflammatory response, whilst allowing the survival of MAP in the cultures 

(Figure 5.2 B). TNFα and IL-8 may therefore not be associated with immunity and clearance 

or a reduction in MAP burden. It is likely that the infection induces TNFα and IL-8 expression 

as these are early pro-inflammatory cytokines potentially induced from TLR triggering. 

However, these cytokines are not linked to the virulence of MAP strains in this model unlike 

what was observed in other studies using phagocytic and macrophage-like cells lines 

(Borrmann et al., 2011). As there were no significant differences from the non-infected 
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control, the process of shearing the enteroids was hypothesised to contribute to the 

upregulated expression of these innate cytokines 1 hour post infection, which may mask any 

differences in cytokine production between strains. This is not unexpected as this mechanism 

mimics tissue damage observed in vivo, and it is this mechanism which encourages the 

maintenance and proliferation of Lg5+ stem cells required for enteroid proliferation 

(Sprangers et al., 2020).  

IL-17A is produced by Th17 cells, which are induced to differentiate by IL-6 and IL-23 (Roussey 

et al., 2014). The non-classical Th17 immune response has been increasingly implicated in 

the initial host-MAP interaction. Early in infection IL-17A is upregulated due to the promotion 

of a Th17-like phenotype from the expression of IL-1β, IL-6, IL-23 and TGF-β in the immediate 

cytokine environment (Roussey et al., 2014). It has been hypothesised that this is helpful to 

control infection early in disease, but failure to tightly regulate IL-17A or IL-23 cytokine 

expression could lead to chronic inflammation (Leppkes et al., 2009), a characteristic feature 

of MAP. MAP previously passaged through epithelial cells was shown to elicit prolonged 

upregulation of IL-17A and IL-17F in PBMCs up to 120 hours post-infection, but not by PBMCs 

infected with MAP which had not been passaged in epithelial cells (Park et al., 2020), 

suggesting that more virulent MAP which has been primed for infection is more able to 

induce the secretion of IL-17. Later, JD positive cattle were shown to have lower circulating 

IL-17A levels compared to JD negative cattle which may indicate Th17 cell exhaustion from 

its early upregulation (DeKuiper & Coussens, 2019; Dudemaine et al., 2014) 

Cytokines involved in the differentiation of Th17 cells and those typically produced by Th17 

cells were investigated for their expression in bovine intestinal cells present in 3D basal-out 

enteroids. At 1 hour post-infection MAP K10 stimulated cultures appeared to up-regulate IL-

17A compared to C49, which was then significantly reduced by 24 and 72 hours post-

infection. This coincided with significantly fewer numbers of MAP K10 in enteroids than MAP 

C49 at 24 hours post infection (Figure 5.2 B). This may suggest there were greater number of 

IL-17A producing cells, or a greater stimulation of IL-17A which can then act to control MAP 

infection. However, as there were no significant differences between the infected conditions 

and the control it is unlikely that there is a great number of IL-17A producing cells in the 3D 

basal-out enteroids cultures.  
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Other research has shown that a decrease in IL-17 results in faecal shedding and 

dissemination of the pathogen, which may indicate that the reduced expression of IL-17A in 

C49 infected cultures compared to MAP K10 infected cultures (Figure 5.7) is a reflection of 

MAP C49’s greater infectious capability and transmission (DeKuiper & Coussens, 2019). 

 

Figure 5.7| RT-qPCR of pro-inflammatory cytokine mRNA expression from 3D basal-out 
enteroids in response to MAP infection. The cytokine production was determined by RT-qPCR 
and calculated as fold change relative to the expression of reps1 and sart1 as endogenous 
reference genes. Total RNA was isolated from 3D enteroids infected with MAP K10 or MAP 
C49. Enteroids were stimulated with crude LPS or were uninfected controls. Data presented 
as mean from enteroids at passage 5 derived from 3 separate calves ± SD. Statistical analysis 
performed using 2-way ANOVA followed by a post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; 
P<0.001 = ***; P<0.0001 = ****. 
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One of the major pro-inflammatory cytokines, IL-1β, has been investigated as a candidate 

cytokine characteristic of clinical JD due to its elevated levels of expression in infected 

animals (Khare et al., 2009) and epithelial cells (Lamont et al., 2012), and differential 

expression of IL-1β in THP-1 cells when they were infected with different strains of MAP 

(Borrmann et al., 2011). An increasing amount of research has focussed on its production and 

lesion formation during MAP infection. Strains of M. bovis have been shown to elicit 

differential expression of IL-1β, and it was hypothesised that MAP strains may also induce IL-

1 expression at different levels in infected in vitro macrophages (Borrmann et al., 2011; 

Jensen et al., 2019; Roach & Schorey, 2002). However, in the 3D enteroid model used here 

the expression levels of IL-1 remained relatively constant across the course of the infection 

and between infection conditions (Figure 5.8). This may reflect the kinetics of the IL-1 

response as in vivo, it was shown to be upregulated in bovine ileal tissue during late stages 

of JD (Aho et al., 2003; Chiang et al., 2007) but this result is more likely a reflection on the 

absence of macrophages from the enteroid culture and the presence of p38 MAPK inhibitor.  

IL-23A promotes also a Th17 immune response (DeKuiper & Coussens, 2019), but there were 

no significant differences between infection conditions or over the course of the infection. 

While epithelial cells have been shown to express IL-23A in previous studies (Lim et al., 2020), 

in vivo MAP infection studies in cattle found low expression of IL-23 compared to other 

cytokines involved in this pathway such as IL-17 (Bull et al., 2014)(Figure 5.8) and therefore 

its low levels of expression in this data are not unexpected.  

IFN-γ is a typical cytokine indicative of the Th1 response, and its expression in the host can 

be used to monitor the progression of JD (Vazquez et al., 2013). IFN-γ is associated with 

activating macrophages and is part of the cell-mediated host immune response which is 

thought to be protective. While there is an elevated IFN-γ response in the 3D enteroids in 

the first hour post-infection this is also observed in the uninfected control, making it likely 

this elevated response is due to act of shearing the enteroids. The overall low production of 

IFNγ is expected as the basal-out enteroids are not known to contain T cells which are the 

main IFNγ producing cell (Tau & Rothman, 1999).   

IL-6 is a pro-inflammatory cytokine that has a wide range of biological activities. In vivo, IL-6 

expression showed a trend for upregulation in early stage MAP-infected lesions, but not in 

severe lesions (Roussey et al., 2016). Stimulation of bovine peripheral blood monocytes with 
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MAP cell wall components, including lipoarabinomannan and muramyl dipeptide induced 

significant IL-6 expression (Adams & Czuprynski, 1994), in addition to other studies showing 

upregulation of this cytokine in the ileal tissue compared to non-infected controls (Coussens 

et al., 2004b). From the RT-qPCR data presented here (Figure 5.8) no significant differences 

between times post-infection or infection condition were observed.  

With respect to anti-inflammatory cytokines, roles for TGF-β and IL-10 in MAP have been 

analysed in several studies. Expression of TGF-β was shown to be increased in ileal tissue of 

cattle infected with MAP compared to non-infected controls (Coussens et al., 2004) and has 

been shown to be a potent negative regulator of mucosal inflammation in the intestine 

(Walia et al., 2003).  

A number of studies hypothesise that MAP increases the anti-inflammatory response of the 

host to promote a chronic infection within the host, and the lack of significant expression 

levels in many of the pro-inflammatory cytokines could have been due to elevated levels of 

TGF-β, for example the expression of IL-6 has been shown to be down-regulated in in vitro 

intestinal cell lines by TGF-β1 pre-treatment (Walia et al., 2003). The expression of TGF-β1 

seemed to be slightly elevated 1 hour post-infection with MAP K10 compared to other 

infection conditions, but this trend was not significant nor did it remain for 24 and 72 hours 

post-infection. Interestingly at 72 hours post-infection, enteroids stimulated with MAP 

strains or LPS seemed to have a reduced abundance of TGF-β1 compared to uninfected 

enteroids which may indicate some form of protective host response to infection, but this 

was not statistically significant. The expression of TGF-β2 showed high biological variation 

but did not vary significantly between infection conditions. Therefore, the increased numbers 

of MAP C49 recovered from infected enteroids compared to MAP K10 is unlikely to be due 

to MAP C49 inducing an elevated TGF response.  

Finally, IL-10 expression was investigated as this has previously been shown to be 

consistently up-regulated in MAP stimulated PBMCs and ileal tissue (Coussens et al., 2004b). 

It was hypothesised that MAP C49 could induce greater IL-10 expression from the bovine 

enteroids to promote its own survival and help explain the greater recovery of MAP C49 

numbers compared to MAP K10 (Figure 5.2 B). However, there was no measureable level of 

IL-10 expression in the bovine enteroid cultures from any condition (data not shown). This 

likely indicates that the main producer of this cytokine are absent from the enteroid cultures 
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(Iyer & Cheng, 2012) or that the production of this cytokine in these cultures is p38 MAPK 

dependent.  

 

 

Figure 5.8| RT-qPCR analysis of cytokine mRNA expression from 3D enteroids in response 
to MAP infection. The cytokine production was determined by RT-qPCR and calculated as fold 
change relative to the expression of reps1 and sart1 as endogenous reference genes. Total 
RNA was isolated from 3D enteroids infected with MAP K10, MAP C49, crude LPS or uninfected 
controls. Data presented as mean from enteroids at passage 5 derived from 3 separate calves 
± SD. Statistical analysis performed using 2-way ANOVA followed by a post hoc Tukey’s test. 
P<0.05 = *; P<0.01 = **; P<0.001 = ***; P<0.0001 = ****. 

 

 



168 
 

Overall, the only differences in host response to MAP K10 and C49 occurred in IL-17A 

expression over the course of infection. MAP K10 caused a greater reduction in expression 

level of this cytokine by 24 and 72 hours post-infection, which may suggest a role for this 

cytokine in generating a protective host response against MAP. While other research has 

shown MAP upregulating IL-6, IL-23, IL-1β and TGF-β mRNA even within the first hour of 

infection in MDM (Dudemaine et al., 2014), many of the changes in cytokine expression 

observed in these experiments were small and did not differ significantly from the un-

infected control. These small changes and overall low level of transcript abundance of the 

cytokines in the bovine enteroids are reflected in the high Ct values (Appendix M). 

Historically it has been phagocytic cells such as macrophage and PBMCs which have been 

infected with MAP to measure cytokine response, and it may be that epithelial cells do not 

express significant levels of cytokine mRNAs (Lotz et al., 2007). This limited epithelial 

response could contribute to MAP’s pathogenesis and its ability to survive within the host for 

several years.  

The lack of high levels of cytokine expression in response to MAP infection could also be 

attributed to the equal exposure of apical and basolateral sides of a cell to MAP. It is likely 

that there is a differential cytokine response from the host cell, depending on whether MAP 

has bound to either the apical or basolateral side. This is true for other pathogens which 

target polarised cells such as bronchial epithelial cells, in which Cai et al., 2020 identified a 

greater induction of TNFα from Mannheimia haemolytica stimulation of the apical side of the 

cell versus the basal side (Cai et al., 2020). As MAP has been observed to bind to both sides 

of the cell in this bovine intestinal model (Figure 5.3), it is possible there are contrasting 

immune responses which are not revealed from isolating the total RNA. 

In future, the p38 MAPK and TGFβ inhibitors could be removed from the IntestiCult medium 

to investigate cytokine expression in response to MAP infection more accurately. In addition, 

alternatives to LPS as a positive control could be investigated. It is possible that LPS is not an 

appropriate stimulant for bovine intestinal cells as these cells could have a low-

responsiveness to LPS because of the tolerogenic environment promoted in the gut (Lotz et 

al., 2007). Therefore, complex pathogens known to induce an inflammatory response from 

the intestinal epithelium should be used as a positive control, such as stimulation with 

Salmonella (Wang et al., 2015).  
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These enteroid cultures could also be pre-exposed to IL-17A prior to MAP C49 infection to 

investigate if this reduces the number of MAP C49 able to remain present in the culture, or 

co-culture the enteroids with Th17 cells. The inclusion of host immune cells such in the 

enteroid models as a co-culture system could also be explored. As macrophages are the main 

producer of cytokines in response to MAP infection, this may be a more appropriate model 

to study host response. 

To investigate if MAP affects the structure of the bovine enteroid by causing degradation 

after infection or increasing intestinal permeability as it has previously been shown, (Khare 

et al., 2012) the expression of claudin genes were analysed using qRT-PCR. Claudin 16 is 

involved in the generation and maintenance of tight junctions between epithelial cells 

(Krause et al., 2008) and it was hypothesised that changes in its expression level could 

indicate an increase in intestinal permeability caused by MAP infection. During MAP C49 

infection reduced expression levels of these mRNAs would be related to enteroid 

degradation and cell death, which would explain the reduced number of bovine cells 

observed at 72 hours post infection (Figure 5.2 A). There was a significant reduction in the 

expression of Claudin 16 in the MAP K10 infected cultures from 1 hour to 24 and 72 hours 

post-infection (Figure 5.9). This could indicate MAP K10 is inducing intestinal permeability in 

the enteroids, although the expression of this gene was not significantly different from the 

uninfected control. There was no significant reduction of Claudin 16 in the C49 infected 

cultures, which may indicate that the reduced number of bovine cells observed at 72 hours 

is due to MAP hindering the proliferation of the enteroids or targeting stem cells in the 

culture, as has been shown for other enteric pathogens (Liu et al., 2010). Alternatively, genes 

involved in cell death may offer a better insight into the effect different strains of MAP has 

on the bovine intestine, as MAP C49 could induce greater necrosis or apoptosis of the 

enteroids in comparison to K10. 
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Figure 5.9| RT-qPCR analysis of tight-junction related Cldn16 in MAP infected 3D enteroids. 
The mRNA production was determined by RT-qPCR and calculated as fold change relative to 
the expression of reps1 and sart1 as endogenous reference genes. Total RNA was isolated 
from 3D enteroids infected with MAP K10, MAP C49, crude LPS or uninfected controls. Data 
presented as mean from 3 independent biological replicates ± SD. Statistical analysis 
performed using 2-way ANOVA followed by a post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; 
P<0.001 = ***; P<0.0001 = ****. 

The goal of this part of the PhD study was to investigate host response to MAP using a model 

that was physiologically representative to better understand the host-pathogen interaction. 

3D basal-out enteroids contained all the relevant cell markers which were indicative of the 

full repertoire of intestinal epithelial cells which are present in the in vivo system, whilst being 

proliferative and able to be passaged. Fragmenting the enteroids to expose the apical surface 

of the cells for infection with MAP offered a way to infect enteroids on a large-scale whilst 

standardising the MOI between infection conditions. Clear differences between MAP strains 

were demonstrated using this method, providing evidence that the reference strain of MAP, 

K10, is less able to attach or infect bovine enteroids than a more clinically relevant strain, 

MAP C49.  

However, when the enteroids were fragmented the exposure of the apical side of the cells 

was not complete due to the enteroid maintaining the tension between cells which forms 

the spherical structure. Therefore, the apical surface of the cell may have been difficult for 

the bacteria to gain access to, to initiate an appropriate interaction with the host cells. There 

were many interactions between the bacteria and the basolateral side of the cells, which may 

result in contrasting host immune responses.  
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5.3.3 Infection of 2D monolayers with MAP 
Whilst remaining a valid model to study MAP-host interactions, the infection of basal-out 3D 

enteroids via enteroid fragmentation had several limitations, such as the equal exposure of 

the apical and basal side of the cells to MAP. Micro-injection of these enteroids could have 

been attempted to guarantee an interaction with the apical side of the cells and MAP, but 

this introduces other complications such as the variation of MOI between enteroids. 

The development of 2D monolayers which contain many of the cell types found within the 

bovine intestine, whilst exposing the apical surface of the cells to the culture medium, offered 

an easier method to investigate host-MAP interaction. Monolayers were cultured from 3 

separate calves for 3 days and were infected with MAP K10 and MAP C49. An MOI of 10 was 

used to infect the cells, which is lower than that used to infect 3D basal-out enteroids. This is 

because an interaction with the apical side of the cells in the monolayer was more likely as 

this side of the cells is exposed to the media. The sheared enteroids are in suspension in a 

larger volume of medium, and therefore an interaction between MAP and the apical side of 

the cells was less likely and required a higher concentration of MAP present to ensure an 

equal number of interactions between MAP and the apical side of the cells occurred between 

the different models.  

The monolayers were infected for 1 hour at 37°C 5% CO2 before being washed three times 

with PBS. gDNA was sampled at this point for 1 hour infection, or the cells were incubated 

for a further 24 and 72 hours at 37°C 5% CO2. The number of cells were quantified using 

qPCR of the gDNA with primers designed specifically against the single copy genes spastin 

and F57 (Appendix H) for bovine and MAP cells respectively (Figure 5.10). The number of 

bovine cells remains stable across the time course, unlike what was observed for the 3D 

enteroid infection model (Figure 5.10 A). This is likely due to contact inhibition as the 

monolayers were infected at 100% confluency.  

The decrease in the number of bovine cells present at 72 hours post-infection with MAP C49 

which was observed in the basal-out 3D enteroids is not reproduced in the 2D monolayer. 

This may indicate MAP C49 targets replicating cells which would not be observed in this 

model as the cells were at 100% confluency. Alternatively, cells expressing GP2 which are 

absent from the 2D monolayer by 7 days of culture may be disproportionately affected by 

MAP C49 in the 3D basal-out bovine enteroids. 
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At all time points investigated, greater numbers of MAP C49 are present than MAP K10 

which is consistent with the 3D basal-out model. This difference is statistically significant at 

1 hour post-infection, where 3.93 x 105 GCN of MAP K10 is recovered, compared to 9.93 x 

105 GCN of MAP C49 (5.10 B). This indicates that these models are both able to show 

similar trends in MAP pathology despite the different infection methods used. Interestingly, 

the bacterial numbers show a trend of increasing with time for both MAP K10 and C49. This 

is in contrast to what was observed using the basal-out 3D bovine enteroid model where 

the bacterial numbers remained stable or decreased with time (Figure 5.2 B). It could be 

that a cell type which is present in the 3D enteroids is absent in the 2D monolayer, and this 

cell conferred some protection to the bovine host.  
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Figure 5.10| Quantitation of bovine and MAP cell number upon infection of 2D intestinal 
bovine monolayers. Monolayers were infected with 1 x 106 CFU MAP/well. The bovine A) and 
bacterial B) cell number was quantified using qPCR for the spastin and F57 gene respectively 
via qPCR (data presented as mean ± SD). Statistical analysis performed using 2-way ANOVA 
followed by a post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; P<0.001 = ***; P<0.0001 = ****. 

 

To confirm the monolayer was permissive to infection by MAP, infected monolayers were 

fixed and 1-2 images taken of each condition using IF microscopy (Figure 5.11) using 

antibodies outlined in Appendix C. These images indicate MAP K10 and C49 may adhere to 

the surface of the cells 1 hour post infection (Figure 5.11 A). In these images, MAP C49 is 

present in greater abundance than MAP K10 at this time point which is supportive of the 

qPCR data gathered previously (Figure 5.10).  

At 24 and 72 hours post-infection both strains of MAP are intracellular in these images (Figure 

5.11 B). MAP K10 remains a small infection even, whereas it appears that several MAP C49 

bacterium invade the monolayer. By 72 hours, MAP K10 remains intracellular, although 

closer to the basolateral side of the cell. MAP C49 however, seems to be encapsulated in a 
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region of high cell proliferation, as evidenced by the dense foci of eukaryotic cells (Figure 

5.11 C).  

This model demonstrates a similar phenotype to MAP pathogenesis observed in the 3D basal-

out enteroids, as both MAP strains become internalised and MAP C49 is present in 

significantly greater numbers than MAP K10. Therefore, the monolayers developed from the 

bovine intestine may be a useful in vitro model of the bovine intestine in addition to the 

basal-out 3D enteroids. The phenotypic differences at 72 hours post-infection between 

strains are intriguing. In Figure 5.11 C, several MAP C49 bacteria were observed to be 

encapsulated by actin, yet MAP K10 seems unencumbered and appears to be a single bacillus. 

Future experiments using a greater number of samples at later time points should be 

conducted for a more in depth analysis of the MAP infection phenotype to be observed. 
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Figure 5.11| IF staining of 2D intestinal bovine monolayers infected with MAP. IF staining 
of 3D enteroids imaged on the LSM710 confocal microscope 1 hour A) 24 hours B) and 72 
hours C) post infection with either MAP K10 or MAP C49 with an MOI 10. Images are created 
from a series of Z-stacks collated to give a cross-sectional overview of the monolayer. 
Enteroids were stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and MAP (anti-MAP, 
red). Images are representative of 3 independent biological replicates using secondary-only 
controls to eliminate background fluorescence. Thick white arrow denotes bacteria adhered 
to the apical side of the cell. Thick orange arrow denotes intracellular bacteria.  
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5.3.4 Infection of 3D apical-out enteroids with MAP 
The third and final enteroid system to be analysed as a physiologically representative model 

of the bovine intestine for MAP infection were 3D apical-out enteroids. Unlike basal-out 3D 

enteroids, the polarisation was reversed allowing the apical side of the cells to be exposed to 

the external media. This offered an easier method to infect a complex 3D structure compared 

to the requirement to fragment basal-out 3D enteroids to first expose the apical side of the 

cells.  

These apical-out enteroids maintained multiple cell lineages of the intestine, excluding cells 

expressing the GP-2 marker and KI67+ proliferative cells. Apical-out enteroids were 

generated from 3 separate calves and were maintained for 5 days to ensure freedom from 

contamination and the correct polarisation of the enteroid. MAP was inoculated into 

complete IntestiCult media and used to suspend apical-out enteroids. These enteroids were 

infected with MAP K10 or C49 at an MOI of 100, mimicking the infection of basal-out 3D 

enteroids for standardisation between models infected in suspension.  

The apical-out enteroids were infected for 1 hour at 37°C 5% CO2 before being washed three 

times with complete IntestiCult media to remove bacteria which remained in suspension and 

had not adhered to the cell surface. gDNA was sampled at this point or the cells were 

incubated for a further 24 and 72 hours at 37°C 5% CO2. The number of bovine and bacterial 

cells were quantified using qPCR of the genomic DNA with primers designed specifically 

against the single copy genes spastin and F57 (Appendix H) respectively (Figure 5.12). The 

number of bovine cells remains stable across the time course and did not increase by 72 

hours due to the absence of KI67+ proliferative cells (Figure 5.12 A).  

At all time points investigated, greater numbers of MAP C49 are present than MAP K10. This 

is statistically significant at 1 hour and 24 hours post-infection where 5.46 x 106 GCN of MAP 

K10 is recovered, compared to 1.73 x 107 GCN of MAP C49 at 1 hour, and 8.22 x 106 GCN of 

MAP K10 is recovered, compared to 1.46 x 107 GCN of MAP C49 at 24 hours (Figure 5.12 B). 

This trend is consistent with what is shown upon infection of basal-out 3D bovine enteroids 

and 2D monolayers. 

The overall bacterial trend shows a decrease in MAP C49 by 72 hours, and stability of MAP 

K10 throughout the infection time course. This is similar to the trend observed in basal-out 

3D enteroids but is unlike that observed in the 2D monolayer. This is particularly interesting 
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as the cell types present in the models shares greater similarity between the apical-out 

enteroids and the 2D monolayers, rather than the basal-out 3D enteroid models. Therefore, 

this difference in bacterial numbers may not be due to the intestinal cell types present. The 

3D structure of the enteroids may be influencing the bacterial trend, or this may be a result 

of the higher inoculum used for these models compared to the 2D monolayer.  

 

 

Figure 5.12| Quantitation of bovine and MAP cell number upon infection of 3D apical-out 
enteroids. Enteroids were infected with 1 x 107 CFU MAP/well. The bovine A) and bacterial B) 
cell number was quantified using qPCR for the spastin and F57 gene respectively via qPCR 
(data presented as mean ± SD). Statistical analysis performed using 2-way ANOVA followed 
by a post hoc Tukey’s test. P<0.05 = *; P<0.01 = **; P<0.001 = ***; P<0.0001 = ****. 
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Using IF microscopy MAP strains were confirmed to attach and invade these apical-out 

enteroids (Figure 5.13) using antibodies outlined in Appendix C. MAP strains are shown to 

adhere to the apical-out enteroids at 1 hour post-infection (Figure 5.13 A) and the bacteria 

was intracellular by 24 hours post infection. However, it remains unclear the mechanism 

MAP uses to invade epithelial cells of the bovine intestine as there are no clear signs of 

membrane ruffling like that shown in S. typhimurium or other enteric pathogens (Jones et 

al., 1993) (Figure 5.13 B). K10 appears as large clumps of bacteria within the cell, whereas 

C49 seems to be encapsulated as it is surrounded by actin filaments which is consistent 

with the 3D basal-out enteroid model (Figure 5.13 C). This may indicate an active host 

response to MAP C49, unlike K10.  

Infection of the apical-out enteroids with MAP demonstrates both MAP strains are capable 

of becoming intracellular, indicating that MAP is able to actively invade epithelial cells of the 

bovine intestine. The strain differences between MAP K10 and MAP C49 in their ability to 

infect bovine intestinal epithelial cells were consistent between models, as MAP C49 was 

recovered in higher numbers than MAP K10 at all time points in all models. It is unclear what 

affect the presence M cells would have on the efficiency of MAP infection, or indeed the 

morphology in the bovine enteroid models, but it is clear their presence is not necessary to 

establish a MAP infection of bovine intestinal epithelial cells.  
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Figure 5.13| IF staining of apical-out 3D enteroids infected with MAP. IF staining of 3D 
enteroids imaged on the LSM710 confocal microscope 1 hour A) 24 hours B) and 72 hours C) 
post infection with either MAP K10 or MAP C49 with an MOI 100. Images are created from a 
series of Z-stacks collated to give a cross-sectional overview of the enteroid. Enteroids were 
stained for nuclei (DAPI, blue), F-actin (Phalloidin, green) and MAP (anti-MAP, red). Images 
are representative of 3 independent biological replicates using secondary-only controls to 
eliminate background fluorescence. Thick white arrow denotes bacteria adhered to the apical 
side of the cell. Thick orange arrow denotes intracellular bacteria. 

 

 

 



180 
 

5.4 Conclusions 
In this chapter, bovine enteroid derived models were assessed for their ability to represent 

MAP infection in a physiologically relevant way. The difference between the lab-adapted 

reference strain K10 to infect these models were also compared to a more recently isolated 

clinical isolate, C49, in the aim to highlight the importance of strain selection for future MAP 

research.  

In all models investigated, a similar trend was observed for MAP K10 and C49 abundance as 

MAP K10 was present in significantly fewer numbers than MAP C49. This provides support 

for the hypothesis that K10 has become lab-adapted and may not be representative of a 

natural infection, which may impact research attempting to research MAP infection that uses 

this strain (Blake et al., 2022).  

The lack of bovine RANK-L to stimulate M cell maturation in these enteroid cultures, and the 

lack of a known bovine M cell marker, means the effect of the presence of this cell type on 

MAP infection could not be investigated. However, intracellular MAP was observed in all 

these cultures which demonstrates MAP is able to infect other cell types present in the 

intestinal models. This justifies their use as a physiologically representative model of bovine 

intestinal epithelial cell infection and highlights the ability of MAP to infect multiple cell types 

in the intestine, in addition to M cells.  

It is worth noting that the differences between MAP K10 and C49 in their level of infection 

were monitored using gDNA. While the quantification of MAP is faster using qPCR of gDNA 

compared to CFU culture, and offers a way to directly compare to bovine cell numbers, the 

GCN can represent both viable and non-viable bacteria. Future infections quantifying the 

number of viable bacteria could offer insight into whether MAP numbers remain consistent 

throughout infection. For this, CFU analysis or metabolic measurements of the bacterium 

through isotope labelling can discern between actively growing or static bacteria (Braissant 

et al., 2020). These methods may clarify if MAP C49 is able to replicate more efficiently upon 

infection of mammalian cells compared to MAP K10; or if there are effective host responses 

which cause a reduction in viable bacteria which are present in the 3D enteroid models but 

are absent in the 2D monolayer. This would aid our understanding for why MAP C49 is 

present in greater numbers compared to MAP K10 in all bovine intestinal models infected, 



181 
 

and why MAP is observed to increase in numbers over 72 hours in the 2D monolayer model 

unlike the 3D intestinal models.  

Due to the limitations of antibodies which reliably bind to the various cell types within the 

bovine intestine and enteroids, cell tropism displayed by MAP could not be investigated using 

the intestinal models. However, as it may appear that MAP targets proliferating cells in the 

bovine enteroid models co-localisation between KI67+ cells and MAP could be observed in 

future experiments.  

Fragmentation of the basal-out 3D enteroid cultures exposed the apical surface of the cells 

so an infection could be established by MAP. However, the number of infection events 

observed using confocal microscopy was relatively low which further limits the ability of cell 

tropism to be investigated in a meaningful way. Micro-injection of the lumen with MAP could 

offer a more reliable method of bacterial infection to ensure interaction of MAP with the 

apical surface of the cells using a model that contains all the cell types which were tested for, 

but this is a labour intensive process.  

It is worth noting these enteroid cultures, while significantly more representative of the 

bovine intestine than monoculture cell lines, are still a reductionist model. The bovine 

intestine in vivo interacts with the microbiome of the intestine, vascular movements, fluid 

movement and the presence of immune cells which all influence the intestinal response to 

pathogens, which several groups have attempted to incorporate with “organ-on-a-chip” 

cultures (Kim et al., 2012).  

Several approaches have been performed to increase the complexity of enteroid cultures in 

other species. In these bovine models, the incorporation of immune cells would allow the 

greater investigation for the role of Th17 related cytokines in MAP infection. Previous 

research has shown that MAP which has previously been passaged though bovine epithelial 

cells has increased virulence and provokes a prolonged Th17 response from macrophages  

(Park et al., 2020). IL-17A was the only cytokine to have a different expression profile across 

the course of infection between MAP K10 and MAP C49, and therefore understanding its role 

in MAP infection could determine if this is a protective host response which can limit MAP 

infection. Future experiments may involve optimising the bovine enteroid medium to exclude 

inhibitors which affect cytokine production. This would also allow the comparison of the 3D 

intestinal models to the 2D monolayer in the host response to MAP. Differences in cytokine 
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production between the 2 models may account for the different trends in bacterial numbers 

observed over the course of 72 hours between these 2 models.  

Avian apical-out enteroid models have identified the presence of immune cells in the 

enteroid cultures when the enteroids are generated from intestinal tissue, not basal-out 

enteroids (Nash et al., 2021). This is similar to the method of apical-out enteroid culture 

performed for the bovine species in this thesis. Therefore, future work may include 

investigating the present of enteric immune cells present in the bovine apical-out enteroids 

to investigate if immune cells are present to elucidate the effect they may have on the 

outcome of MAP infection. 

Other groups have incorporated commensal bacterial species in the lumen of enteroids to 

represent the microbiome. Infection of these complex enteroids may demonstrate certain 

triggers for MAP which could increase or decrease MAP infection or alter the host immune 

response to the pathogen. Cattle infected with JD have an increased rate of mastitis (Rossi et 

al., 2017). As mastitis is one of the costliest infections in the dairy cattle, researching the 

interaction between these bacteria could prove highly beneficial to the industry and aid our 

understanding on the interaction different bacteria have on each other within the same host. 

The coating of MAP with fibronectin and other reagents such as serum (Hostetter et al., 2005) 

has also been shown to change the infection rate of MAP and allow it to target certain cells 

(Secott et al., 2004). The exposure of MAP to certain environmental conditions and coating 

with different compounds may highlight different infection routes used by MAP to establish 

an infection. During natural infection events, MAP can be incubated in the udders and milk 

of pregnant dams which is known to increase the virulence of MAP. Pre-incubation of MAP 

in milk prior to infection could be directly investigated using this in vitro method to gain a 

greater understanding of MAP interactions with the bovine intestine. 

Overall, these enteroid cultures allow new avenues of MAP research to be pursued to identify 

factors which could limit future infection of cattle (Blake et al., 2022). These cultures may 

allow the identification of host and bacterial responses which could be specifically targeted 

to successfully limit the ability of MAP to establish a chronic infection.  



183 
 

6 Modelling MAP infection of murine gut loops 
6.1 Introduction 
Multiple groups have used mice to research MAP infection in the context of host-pathogen 

interaction (Cooney et al., 2014). There are various factors that must be considered when 

analysing the results from these experiments such as the host susceptibility to MAP and the 

route of infection. Mice are somewhat limited in their ability to model JD due to the lack of 

granuloma formation (Hines et al., 2007) in the intestine and the requirement of a high dose 

of MAP to establish disseminated infection (Cooney et al., 2014), nevertheless mice remain 

a valuable tool to model some aspects of host-pathogen interaction.  

There is a greater understanding of murine physiology and available reagents compared to 

ruminant species which allows the investigation of more complex questions. Cell type specific 

markers of intestinal cell types are well-known for the murine gut and therefore the cell 

tropism displayed by MAP can be fully investigated in this model. This includes the M cell 

marker GP-2, which is currently unknown in bovine species. In vivo work also maintains 

complexities of the intestinal environment which are not yet captured by in vitro culture of 

intestinal organoids, such as the gut microbiome, immune cells and vascular flow (Puschhof 

et al., 2021; Round & Mazmanian, 2009) 

To this end, murine gut loops have been developed to study host pathogen interaction. The 

gut loop surgery was performed in anaesthetised mice by identifying the small intestine and 

the Peyer’s patches (PP’s) within it. These appear as small nodules on the intestine which 

indicate the location of M cell in the murine intestine. A tight suture is tied upstream of the 

PP and a loose suture is set up downstream which is tightened upon the injection of the 

sample being studied. Previously, Salmonella has been studied using this method which 

allows more conditions to be investigated in a single mouse when studying the intestinal 

tissue, increasing the power of the study whilst requiring fewer animals (Donaldson et al., 

2020). Inoculation of murine gut loops also allows the study of the initial host-pathogen 

interaction with the intestine, allowing a high inoculum of bacteria direct contact with 

intestinal cells. MAP has previously been investigated using mice as a model through 

intraperitoneal inject (Bannantine et al., 2014) and oral inoculation (Bermudez et al., 2010). 

Murine gut loops have the advantage of allowing direct investigation of the host-pathogen 
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interaction at the intestinal lining and guaranteeing a high inoculum in that intestinal 

location. 

6.1.1 Aims and objectives 
In this chapter murine gut loops were inoculated with MAP C49 to establish if standard 

laboratory mice were permissive to infection by MAP C49. Cell tropism displayed by MAP C49 

in the intestinal lining was investigated using immunofluorescence (IF) staining by co-

localisation of MAP with certain cell types. I also aimed to investigate if mice were susceptible 

to MAP systemic translocation through quantification of MAP colonisation in the mesenteric 

lymph nodes to demonstrate translocation across the intestinal lining. This work aimed to 

provide preliminary evidence for mouse infection by MAP to then understand the effect 

reducing or increasing M cells in the murine intestine would have on MAP infection. 
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6.2 Materials and Methods 

6.2.1 MAP Strain Preparation 
MAP C49 WT or MAP C49_GFP strains were resuscitated for the surgical experiment by 

incubation at 37°C overnight the day prior to the experiment. On the day of the experiment, 

aliquots of MAP were centrifuged at 16,000 x g for 2 minutes and the supernatant removed. 

The bacterial pellets from 3 separate aliquots were re-suspended to 1.5 mL in 7H9 media. 

The bacteria were passed through a 30G needle 10 times prior to use. When using MAP 

C49_GFP, the bacteria was not exposed to light prior to use. 

6.2.2 Murine Gut Loop Surgery 

For each experiment, 4 C57/BL6 mice were used and surgery was performed in a Class II MSC 

16 hours after starvation whilst still receiving water ad libitum. Mice were anaesthetised 

intra-peritoneally with ketamine 75 mg/kg with Medetomidine 1 mg/kg. The abdomen was 

cleaned with 70% ethanol and covered with surgical film with an incision to prevent 

contamination. A small incision was created in the abdominal cavity and the caecum removed 

for orientation of the intestine. Upon locating a Peyer’s patch, one end of the intestine was 

ligated using a sterile thread. A loose ligature was prepared at the alternate end on the other 

side of the Peyer’s patch. 100 µL of the MAP C49 suspension was injected into the lumen of 

the intestine slowly from a 21G needle. The loose ligature was tightened around the needle 

and the needle slowly withdrawn to prevent leakage of the luminal contents. The ligature 

and injection of bacteria into the intestinal lumen was repeated at a second Peyer’s patch in 

the intestine, and the same procedure was done for a PBS injected intestinal loop as a 

control.  

The surgical incision was sealed closed with a bulldog clip and the mice transferred to a heat-

covered pad for the next 1-1.5 hours. Following incubation, the mice were sacrificed by 

cervical dislocation. The abdomen was re-opened and the injected intestinal loop sections 

were dissected out and transferred to a Petri dish containing sterile PBS. Sections of the 

tissue containing un-infected Peyer’s patches were also removed and placed in a separate 

petri dish containing PBS. The tissue sections were rinsed three times and transferred to 

sealable tubes. The tissue sections were snap-frozen in liquid nitrogen and stored at -80°C 

until later use.  
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Following the removal of the ligated intestinal tissue, the mesenteric lymph nodes were 

located and washed 3 times in sterile PBS. Lymph nodes were then either placed in tubes 

containing 1 mL enzymatic lysis buffer (20 mM Tris-Cl pH8.0, 2 mM sodium EDTA, 1.2% Triton 

X-10, 40 mg/mL lysozyme) or 1 mL half-strength brain heart infusion (BHI) containing 

hexadecylcetylpyridinium chloride (HPC).  

6.2.3 Mesenteric Lymph Node Sampling and Processing 

6.2.3.1 Genomic DNA Isolation and qPCR quantification of infection 
To isolate the genomic DNA from mesenteric lymph nodes for quantification of MAP 

infection, a sterile steel ball was added to the lymph nodes suspended in enzymatic lysis 

buffer. The tissue was homogenised in the Qiagen Homogeniser for 3 minutes at 25Hz. The 

samples were centrifuged at 12,000 x g for 5 minutes in a table-top centrifuge and the 

supernatant was transferred to a separate tube for gDNA isolation as described in section 

2.2.2.  

To quantify the number of murine cells and MAP cells present in the samples, qPCR was 

performed using SYBR green Supermix. Primers were designed against the murine Ribosomal 

Protein 19 (RBL19) gene and the MAP F57 sequence element which are present in the host 

genome sequence as a single copy (Appendix H). Template with a known concentration of 

F57 was used to generate the standard curves to enumerate the number of MAP present. 

6.2.3.2 CFU quantification of MAP infection 
To enumerate the number of viable bacteria present in the mesenteric lymph nodes, the 

MLN suspended in BHI containing 0.9% HPC was homogenised and the suspension was 

incubated at 37°C for 24 hours and then centrifuged at 900 x g for 30 minutes. The pellet was 

suspended in 1 mL of sterile water containing vancomycin (100 µg/mL), nalidixic acid (100 

µg/mL), kanamycin (50 µg/mL) and amphotericin B (50 µg/mL) (VAN). The suspension was 

incubated at 37°C for 24 hours. The culture was then used to inoculate 7H10 plates 

containing kanamycin (50 µg/mL) where appropriate and incubated at 37°C for up to 6 

weeks.  
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6.3 Results and Discussion 

6.3.1 Infection of Peyer’s patches in murine gut loops 
Sections of the murine intestine were selected for infection with MAP due to the presence 

of Peyer’s patches. These are immunologically active sites of the intestine which are covered 

by M cells. To do this, a small incision was created in the abdomen of mice to excise the 

caecum for orientation (Figure 6.1 A). Upon identification of a PP in the small intestine, a 

tight suture was tied upstream (Figure 6.1 B) and a loose suture was set up downstream of 

the PP (Figure 6.1 C). MAP was injected into the created gut loop and quickly tied tightly to 

prevent leaks (Figure 6.1 D). At least two gut loops were created in each mouse (Figure 6.1 

E) which were re-inserted into the mouse for incubation up to 1.5 hours. Mesenteric lymph 

nodes were also removed upon the end of the study (Figure 6.1 F). 

Figure 6.1| Murine intestinal gut loop surgery. Anaesthetised mice were used to micro-inject 
MAP suspension into ligated sections of the intestine containing Peyer’s patches. Blue dye 
was used to inject sectioned areas of the intestine in this example for clarity. A) A small 
incision was cut in the abdomen and the caecum removed for orientation. B) The small 
intestine was carefully removed until a PP was identified, and the first tight suture tied 
downstream C) and a loose suture was set up upstream of the PP. D) Inoculum was injected 
into the loop and the intestine placed back inside the mouse for incubation. E) 2 gut loops 
were created in each animal for infection and the tight sutures prevented the inoculum 
spreading throughout the intestine for the duration of the experiment. F) Mesenteric lymph 
nodes removed from the mouse. 
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To investigate the role of M cells in MAP infection of the murine intestine, it was important 

to be able to accurately identify the PP’s of the intestine for the surgical procedure and gain 

accurate IF staining of M cells. To this end, PP’s from the intestinal loop were snap frozen in 

liquid nitrogen and serial frozen sections were cut (7 µm) on a cryostat and counterstained 

for GP-2 positive M cells (Figure 6.2) using anti-bodies outlined in Appendix C.  

MAP C49 transformed with a GFP expressing plasmid had recently been generated by Dr. 

Jensen, and this strain was used to infect two gut loops with 106 CFU MAP each in four wild-

type mice to analyse if the murine intestine was susceptible to MAP infection. Two loops 

were created in each mouse and injected with PBS as a negative control. Upon infection of 

the gut loops with GFP tagged MAP C49 an anti-GFP antibody was used for IF staining to 

detect MAP bacilli, a technique that had previously been used for quantification of 

Salmonella infection in murine gut loops, which was thought to provide a clearer image of 

MAP bacilli than anti-MAP antibody alone (Donaldson et al., 2020). 

MAP C49_GFP was observed to be in close proximity to M cells and in the Peyer’s patch 

(Figure 6.2 C), which may indicate that MAP bound to the M cells for translocation to the 

underlying Peyer’s patch. This confirmed that MAP was able to infect cells of the murine 

intestine, and this model could therefore be used to investigate cell tropism displayed by 

MAP in an in vivo setting.  

However, the number of bacilli observed in the intestinal IF staining were low compared to 

the inoculum used. In each gut loop 106 CFU was injected yet from the 4 gut loops stained 

and investigated, 3-7 bacterium were observed in each  Peyer’s patch, and relatively few 

bacteria were observed to be remaining in the lumen of the intestine from bacteria which 

had been caught in the murine mucous. Upon storage in 4°C overnight the GFP signal had 

reduced significantly to render further imaging unsuccessful. It was hypothesised that the 

expression of the GFP protein may have affected the viability of MAP C49. Therefore, in 

future experiments the WT strain of MAP C49 was used to infect murine gut loops, using a 

commercial antibody for detection in samples. 
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Figure 6.2| IF staining of M cells in a murine Peyer’s patch. Immunostaining of GP2+ M cells 
(red) in Peyer’s patches from mice infected with MAP C49_GFP strain (green). Counterstain, 
nuclei (DAPI, blue). Scale bar = 100 µm unless otherwise indicated. Broken white line is the 
boundary of the follicle associated epithelium (FAE). Orange box represents the area selected 
for increased magnification in the adjacent panel. A) Image of a Peyer’s patch in the murine 
intestine. B) Image of M cells (red) overlying the FAE. C) Image of MAP C49_GFP in the vicinity 
of M cells (red). Image representative of 4 gut loops derived from 2 separate mice.  

 

6.3.2 Analysing the ability of MAP to translocate across the murine intestine 
To establish that MAP translocated across the murine intestinal barrier within 1.5 hours, the 

mesenteric lymph nodes were analysed for the presence of MAP C49_GFP using qPCR on the 

genomic DNA isolated from the lymph nodes. The primers used are outlined in table and are 

designed against single copy sequences for murine cells (RPL19 gene) and MAP (F57 

sequence element). In addition, mesenteric lymph nodes from the same mouse were treated 

to culture MAP_GFP on 7H10 agar to establish the number of viable bacteria present.  

MAP was successfully isolated from the mesenteric lymph nodes of all animals indicating that 

MAP can traverse across the intestinal epithelium within 1.5 hours. On average 86.25 ± 39.02 

CFU/mouse MAP C49 was cultured from the mesenteric lymph nodes, whereas the average 

GCN of MAP was calculated to be 667.89 ± 462.90 GCN/mouse (Table 6.1). The greater 

numbers of MAP calculated using GCN is likely due to the quantification of dead MAP which 

has been killed by the host. In addition, the MAP isolation method for culture on agar plates 

is based on a method used to culture MAP from faeces which requires incubation in several 

antibiotics for several days to remove faster growing contaminating bacteria. However, these 

methods are suspected to reduce the number of viable MAP present in a sample due to the 

prolonged antibiotic exposure and harsh culture conditions.  

Both quantification methods show that MAP is present in very low numbers in the mesenteric 

lymph nodes compared to the inoculum administered to each gut loop (4 x 106 CFU/loop). 
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This is a reflection of the low invasion efficiency of MAP, and the use of a murine model which 

is perhaps less permissive to MAP than ruminants. As colonies of MAP C49 could be cultured, 

viable bacteria remains in the lymph nodes of mice and therefore mice can model MAP 

infection to a certain degree. In future experiments, MAP translocation to the lymph nodes 

was quantified using qPCR as it was a faster method with reduced risk of contamination 

compared to culturing.  

  

 

Table 6.1| Quantification of MAP C49_GFP strain in mesenteric lymph nodes of infected 
C57 Bl6 mice. The mesenteric lymph nodes were dissected from infected mice and treated for 
culture of MAP on 7H10 agar or for qPCR quantification of the genome copy number (GCN) 
from the genomic DNA. Quantification of GCN was done using primers designed against the 
F57 sequence element in MAP and extrapolated from a standard curve template containing 
a known number of MAP present.  
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6.3.3 Using the murine gut loop model to understand MAP cell tropism 
To investigate cell tropism displayed by MAP in the murine intestine, the sectioned gut loops 

were injected with WT MAP C49. The WT MAP C49 strain was available at a greater CFU/mL 

compared to the MAP C49_GFP. Therefore, upon injecting 100 µL of MAP into each gut loop 

the inoculum was 107 CFU, compared to 106 CFU used in MAP C49_GFP mouse experiments. 

The gut loops were sliced using a cryostat and fixed with 4% PFA. The slides were co-stained 

with antibodies specific for MAP and certain cell types of the murine intestine to identify if 

MAP co-localises with any particular cell type (Appendix C).  

Using this staining, there was positive identification of MAP in the lumen of the murine 

intestine which had been caught among the luminal debris and mucous. This clarified that 

the use of the WT MAP C49 strain was present in greater numbers compared to the MAP C49 

GFP-tagged strain, which had fewer observable bacilli in the lumen and intestinal cells (Figure 

6.3 A compared to Figure 6.2 A). 

Several cell types which were investigated were not observed to co-localise with MAP C49, 

including cells producing high levels of glycans such as fucose and arabinose, detecting with 

the anti-lectin UEA-1 (Figure 6.3) and Ki-67 positive proliferative cells (Figure 6.4). MAP C49 

could be observed to bind to cells neighbouring UEA-1 labelled cells (Figure 6.3 B-C), but was 

noticeably absent from Ki-67+ proliferative cells (Figure 6.4 B-C). This may indicate a 

preference for the niche MAP chooses to target in the intestine, as areas of increased cellular 

proliferation do not co-localise with MAP.  
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Figure 6.3| IF staining of UEA-1 expressing cells and MAP in a murine intestine. 
Immunostaining of UEA-1+ cells (green) in the intestine of mice infected with MAP C49 (red). 

Counterstain, nuclei (DAPI, blue). Scale bar = 100 µm. Orange box represents the area selected 
for increased magnification in the adjacent panel. White arrow denotes MAP intracellular in 
un-stained cells. A) Cross-sectional image of the murine intestine infected with MAP C49 (red). 
B) Image of MAP C49 (red) binding in the vicinity of cells stained with the UEA-1 lectin (green). 
Image representative of 4 gut loops derived from 2 separate mice. 
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Figure 6.4| IF staining of Ki-67+ proliferative cells and MAP in a murine intestine. 
Immunostaining of Ki-67+ cells (green) in the intestine of mice infected with MAP C49 (red). 
Counterstain, nuclei (DAPI, blue). Scale bar = 100 µm. Orange box represents the area selected 
for increased magnification in the adjacent panel. White arrow denotes MAP intracellular in 
un-stained cells. Image representative of 4 gut loops derived from 2 separate mice. 

 

Previously goblet cells had been identified as permissive to infection by MAP in bovine 

explant cultures (Schleig et al., 2005). To observe if this could be reproduced in the murine 

model, Muc2+ goblet cells were investigated for co-localisation with MAP (Figure 6.5). MAP 

bacilli could be observed to be near and around the cells expressing this protein but could 

not be clearly shown to be intracellular in these Muc2+ cells, which may indicate these cells 

are not permissive to MAP infection in the murine model (Figure 6.5 B).  
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Figure 6.5| IF staining of Muc2+ goblet cells and MAP in a murine intestine. Immunostaining 
of Muc2+ goblet cells (green) in the intestine of mice infected with MAP C49 (red). 
Counterstain, nuclei (DAPI, blue). Scale bar = 100 µm. Orange box represents the area selected 
for increased magnification in the adjacent panel. White arrow denotes MAP intracellular in 
un-stained cells; yellow arrow denotes bacteria amongst stained cells. Image representative 
of 4 gut loops derived from 2 separate mice. 

 

 

Other cell types investigated include Lyz1+ Paneth cells. These produce antimicrobial 

compounds which could target MAP and lead to their destruction, which could indicate MAP 

would avoid these cell types. Alternatively, if MAP had generated suitable defences against 

this cell type then infection of Paneth cells could be possible, and even desired, by MAP. 

Through IF staining, MAP was observed to be present both in cells expressing Lyz1 in the 

crypt of the intestine (Figure 6.6 B-C) and those which are Lyz1 negative further along the 

villus structure (Figure 6.6 D). As it is unknown whether the MAP bacilli targeting Lyz1+ 

Paneth cells would survive the anti-microbial compounds produced by this cell type, the role 

of Paneth cells in MAP infection is not yet clear.   
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Figure 6.6| IF staining of Lyz1+ Paneth cells and MAP in a murine intestine. Immunostaining 
of Lyz1+ Paneth cells (green) in the intestine of mice infected with MAP C49 (red). 
Counterstain, nuclei (DAPI, blue). Scale bar = 100 µm. A) Cross-section of the murine intestine 
containing Peyer’s Patch. White broken line represents the boundary of the FAE. B-C) Orange 
box represents the area selected for increased magnification in the adjacent panel. D) Image 
of murine intestinal lining adjacent to the Peyer’s Patch. White arrow denotes MAP 
intracellular in un-stained cells; orange arrow denotes bacteria bound to stained cells. Image 
representative of 4 gut loops derived from 2 separate mice. 

 

Finally, WT MAP C49 was observed to co-localise nearby GP2+ M cells in the Peyer’s patches 

of the intestine (Figure 6.7). This indicates that M cells are important for MAP infection, but 

are not the only cell MAP targets to translocate across the epithelium. Indeed, as other 

unstained cells could be observed to be infected to a similar level as M cells, it may be that 

these other non-phagocytic cells play a greater role in the initial host-pathogen interaction 

than previously understood. To confirm GP2+ M cells co-localise directly with MAP, images 

taken with higher magnification and greater resolution are necessary.  
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Figure 6.7| IF staining of GP2+ M cells and MAP in a murine intestine. Immunostaining of 
GP2+ M cells (green) in Peyer’s patches from mice infected with MAP C49 strain (red). 
Counterstain, nuclei (DAPI, blue). Scale bar = 100 µm. Image representative of 4 gut loops 
derived from 2 separate mice. 

 

To confirm that MAP was able to translocate across the epithelium and did not remain 

localised to intestinal cells, the mesenteric lymph nodes were dissected from the mouse and 

the genomic DNA isolated. MAP was quantified by qPCR using primers designed against the 

F57 sequence element specific for MAP, and compared to the single copy gene RPL19 

encoded by murine cells (Figure 6.8). The GCN of MAP recovered from each mouse was 

greater than that of GFP-tagged MAP C49, yet more variable, ranging from 8.7x102 – 9.9x103 

GCN/mouse. However, when these values were normalised against the Ct values for the 

murine single copy RPL19 gene, which reflected consistent recovery of MAP GCN between 

each mouse (Figure 6.8). The difference in the GCN of MAP between mice is likely a reflection 

of a greater number of mesenteric lymph nodes harvested for some mice compared to 

others. Mice typically contain ~6 small intestinal mesenteric lymph nodes (Houston et al., 

2015) but as these can be difficult to locate and harvest not all mesenteric lymph nodes may 

be isolated from every mouse. For future experiments a defined and feasible number of 

lymph nodes should be isolated from each mouse for accurate quantitation of MAP 

GCN/lymph node for greater standardisation between experiments.  
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Figure 6.8| Quantification of MAP C49 in mesenteric lymph nodes of infected C57 Bl6 mice. 
The mesenteric lymph nodes were dissected from infected mice and quantified for MAP 
colonisation using qPCR from the genomic DNA. Quantification of GCN was performed using 
primers designed against the F57 sequence element in MAP. Murine genomic DNA was 
quantified using primers designed against the single copy gene RPL19. Ct values were divided 
by each other to normalise between biological replicates. Error bars are standard deviation 
about the mean representing 3 technical repeats. Data was analysed using a one-way ANOVA 
followed by a post hoc Tukey’s test.  
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6.4 Discussion and Conclusion 
In conclusion, the experiments presented here demonstrate that the murine intestine is 

permissive to infection by MAP, but at low levels. The Peyer’s patches of the mice could be 

identified for surgical infection to model the direct interaction between MAP and the host at 

the intestinal lining.  

The availability of reagents has allowed the investigation of MAP cell tropism using this 

model, so that multiple cell types have been implicated in attachment and invasion of murine 

intestinal epithelial cells. These include M cells, Paneth cells and possibly goblet cells. 

Through infection of these cells, MAP was shown to translocate across the intestinal lining 

and reside in the mesenteric lymph nodes within 1.5 hours infection.  

Future work may expand our understanding of MAP cell tropism through the use of M cell 

knock-out mice which have been generated in the Roslin Institute (Donaldson et al., 2020). 

This is markedly different to other murine lines which have attempted to create M cell 

knockout mice through B cell deficiencies (Bermudez et al., 2010; Debard et al., 1999). These 

mice do indeed show deletion or significant reduction of M cells in the intestine, but the 

absence of B cells in this system further complicates results observed in these models. 

Alternatively, M cell production can be up-regulated using RANK-L stimulation in mice (Knoop 

et al., 2009). Therefore, the use of these 2 lines in addition to the wild-type allows the 

investigation of this particular cell type in MAP infection of Peyer’s patches in the murine 

intestine.  

Results observed using this in vivo model can be supported by those generated in murine 

enteroids as these can also be stimulated with RANK-L to produce M cells (Lau et al., 2012) . 

Doing this, direct comparisons between enteroid and in vivo experiments can be performed 

to establish the ability of the in vitro enteroids to physiologically represent the host response 

to MAP with and without M cells present. As our understanding of bovine physiology and cell 

markers must first be improved before we can establish the role of bovine M cells in the 

context of enteroids, the murine system can provide a good premise for the use of these 

enteroids for study of enteric pathogens in the mean-time. If the bacteria appears to behave 

similarly in murine enteroids to the in vivo gut loop, the use of bovine enteroids could also 

be assumed to be representative of its in vivo counterpart until such studies can be 

performed in vivo in cattle.  
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However, while murine models are useful for their ease of access and the greater knowledge 

of murine physiology and availability of reagents, the data gathered here may not reflect 

what occurs in a ruminant intestine. Previous investigations of MAP mutants aiming to 

identify suitable vaccine strains of MAP have ultimately failed when relying on data gathered 

using bovine MDM and murine cell lines which is then applied to goat in vivo models. These 

mutants often do not function in the same way in in vitro monocultures compared to in vivo 

ruminant cells to confer reduced infection and increased protection (Lamont et al., 2014). 

Therefore, data gathered from murine and bovine cell line work must be validated with an 

appropriate ruminant model if headway is to be achieved in MAP research.  
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7 General Discussion 
The initial interaction between MAP and the host remains poorly understood, yet the 

invasion of the bovine intestinal lining and the cell tropism displayed may be key factors 

influencing the outcome of disease. Investigating this area of infection may aid our 

understanding of MAP pathogenesis and provide novel targets for therapeutic intervention. 

Several studies have identified proteins expressed on the surface of MAP involved in the 

attachment and invasion of host epithelial cells, but it is likely that many MAP adhesins have 

yet to be characterised.  

This aim of this work was to investigate the initial interaction between MAP and the host cell. 

Specifically, mce1A, mce1D, mce3C and mce4A genes were investigated for their role in the 

attachment and invasion of MAP to mammalian cells as these genes had been implicated in 

the attachment of other Mycobacterial species to host cells (Arruda et al., 1993; Sassetti et 

al., 2003; Fadlitha et al., 2019). It was hypothesised that as these genes are highly 

homologous between species, the invasive phenotype may also be conserved. The data 

presented here indicates both mce1A and mce1D are utilised by MAP to aid attachment and 

invasion of host cells, but this phenotype is specific to certain host cells. These genes are also 

upregulated by both MAP K10 and C49 upon exposure to acidic conditions, which is 

consistent with literature identifying MAP surface proteins that aid attachment and invasion 

which are upregulated upon exposure to conditions which mimic those of an in vivo infection. 

The data presented here indicates that mce1A aids both attachment and invasion of MAP in 

phagocytic cells, and also increases the intracellular survival of MAP up to 6 hours post 

infection. Mce1D was observed to increase attachment and invasion of the E. coli 

recombinant expressing this protein to epithelial cells, but it did not confer increased 

intracellular survival of the E. coli.  

Strain differences between MAP K10 and MAP C49 in their ability to regulate mce1A and 

mce1D under certain environmental conditions were also observed. While both significantly 

upregulated mce1A and mce1D in response to acidic exposure, MAP C49 was able to do this 

to a considerably greater degree than MAP K10. In addition, MAP C49 had significantly lower 

expression of mce1A during the stationary phase of culture compared to exponential 

compared to MAP K10 in which no observable differences in the level of mce1A expression 

could be observed. It may be that MAP K10 is less able to regulate the expression of genes 
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which are involved during in vivo infection as it has become lab-adapted. Therefore, studies 

aiming to identify adhesins expressed by MAP using environmental conditions to stimulate 

their differential regulation should use a clinically relevant strain in addition to MAP K10 to 

ensure sufficient targets will be identified.  

Both mce3C and mce4A, were not observed to increase the attachment and invasion of E. 

coli recombinants to host epithelial cells, unlike what has been reported for other 

Mycobacterial species. It may be these proteins function more as ABC transporters in MAP 

rather than virulence factors which aid invasion (Casali & Riley, 2007). Alternatively, these 

proteins may function later in infection upon MAP becoming intracellular, as has been 

observed for mce4A expressed by M. tuberculosis (Joshi et al., 2006; Sassetti & Rubin, 2003).  

As differences between mce1A and mce1D were observed in their invasive phenotype 

depending on the cell line used, further investigation of mce1A and mce1D in a multicellular 

physiologically relevant system, such as the bovine enteroids, may allow us to dissect the role 

these proteins may play in cell tropism. This tropism may be highlighted from coating of the 

MAP with different factors. The FAP protein known to aid MAP cell tropism to M cells uses a 

fibronectin bridge to achieve this binding (Secott et al., 2004), and therefore binding to 

enterocytes may be enhanced by other “bridges”. Several studies have shown a differential 

response between strains and their ability to infect cells post exposure to heat-inactivated or 

non-heat inactivated serum, and this may highlight different proteins used by MAP to bind 

to host epithelial cell surfaces (Hostetter et al., 2005).  

However, these genes may display functional redundancy in MAP, and therefore targeting 

one of these may have little to no effect on the ability of MAP to infect mammalian epithelial 

cells. Therefore, targeted knock-out mutants of both mce1A and mce1D must be generated 

and invasion assays performed to assess if these deletions then decrease the ability of MAP 

to invade host cells. 

Further research may also pursue the investigation of host immune response of infected and 

non-infected animals to these proteins. It is likely that Mce1A, and possibly Mce1D, are 

immunogenic due to their hypothesised cell membrane-based localisation in addition to 

other Mycobacterial species displaying epitopic regions in their Mce proteins (Lu et al., 2006) 

and the ability to induce a host immune response post exposure to MAP (Hemati et al., 2020). 

If this is indeed the case, this may aid the differentiation of infected and uninfected animals 
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depending on their level of immune response which would be measurable through the use 

of an ELISA. To consider is the highly homologous nature of these proteins which may mean 

their use as a vaccine may cause a cross reaction in diagnostic tests for other mycobacterial 

infections such as M. bovis.  

Overall, the investigation of proteins expressed on the surface of MAP could be broadened 

to aid our understanding of MAP pathogenesis and the possible adhesins it may use during 

infection. MAP could be exposed to different conditions, such as acidic pH, milk and an 

anaerobic environment as these are known to upregulate the production of proteins aiding 

attachment and invasion of MAP to the host (Everman & Bermudez, 2015). Then the 

membrane could be separated and analysed using proteomics as described in Chiaradia et 

al., 2017. By comparing this with MAP which had been cultured in a standard laboratory 

media, this may provide a greater level of understanding of proteins useful to MAP during 

the infection period and provide a wider range of targets for therapeutic intervention. 

Further, similar studies could be done for M. bovis in tandem, and proteins which are likely 

to be adhesins in MAP could be compared to their levels of production in M. bovis to identify 

those which are differentially produced which may be more specific diagnostic candidates.  

Another aim of this work pertained to characterising bovine enteroids to establish these were 

physiologically representative of the bovine intestine and investigating if these models were 

permissive to infection by MAP. Differences between the clinically relevant strain of MAP, 

C49, and the reference strain, MAP K10, were investigated with this model to assess the 

validity of using MAP K10 as a reference strain across MAP research.  

3D bovine enteroids were observed to produce many of the intestinal epithelial cell lineages 

at the protein level through immunofluorescence microscopy. This was also applied to the 

other bovine intestinal models established in this study, 2D monolayers and 3D apical-out 

enteroids which were generated using reproducible methods. This work was successful in 

developing models which were physiologically representative of the bovine intestine, whilst 

providing multiple routes of infection from the variation in the polarisation of the cells 

between models. These models differ in both the variety of cell type’s present, ability to 

replicate, and ease of infection.  

These models may be adapted further to be a more faithful representation of the bovine 

intestine, whilst providing greater experimental control over the timeframe of exposure and 



203 
 

the host cells involved than in vivo experiments. Co-cultures of the 2D intestinal monolayer 

with immune cells could further refine this model and our understanding of MAP infection. 

As the host immune response has been observed to change upon passaging MAP through 

epithelial cells prior to infection with macrophages (Begg et al., 2011), having a system which 

could encompass this stage of MAP infection could be crucial to our understanding of how 

the initial intestinal epithelial cell type infected may dictate the downstream host response, 

and ultimately the outcome of disease.  

The main limitation of these models remains the lack of bovine M cells present in the 

cultures. This is typical of enteroid models, but enteroids derived from other species such as 

mice are capable of producing M cells upon stimulation with RANK-L (Lau et al., 2012). 

Species appropriate RANK-L is not yet commercially available for cattle to stimulate M cell 

production, and the bovine M cell marker is not yet known to certify its presence in the 

cultures post stimulation. The role of M cells in the context of a bovine MAP infection may 

not yet be fully elucidated in these models. In addition, these models lack lymphoid cells 

which underlie the M cells in the follicle associated epithelium which are present in an in vivo 

system, which function to take up MAP once it has translocated through an M cell. As this is 

currently the accepted dogma for how MAP establishes an infection, the inclusion of both M 

cells and lymphoid cells in these models may be necessary to generate a complete 

understanding of the initial interaction between MAP and the host at the intestinal lining.  

These models remain a reductionist approach to investigating MAP: host cell interactions. 

Currently there are no in vitro models which can fully encompass the intestinal 

microenvironment fully, including the host immune response and microbiome in addition to 

the multiple intestinal cell types and the fluidic system which exists in the intestinal lumen. 

For this reason, many researchers use mouse models as these are the most available, 

controllable, and manipulatable model which can capture the complexity of host-pathogen 

interaction. For this reason, murine gut loops were used to investigate MAP cell tropism in 

the intestine. This has the further advantage over the bovine system, as the M cell marker is 

known in mice and therefore M cell knock-out mice, and mice stimulated with RANK-L to 

have an over-abundance of M cells, have been generated (Donaldson et al., 2020). The use 

of these to study MAP infection allows the investigation of the impact of M cells in MAP 

infection alone, without the confounding factors such as a lack of B cells shown in other M 

cell knock-out mouse lines . MAP C49 was observed to successfully infect the murine 
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intestinal lining, albeit in low numbers, and was efficiently translocated to the mesenteric 

lymph nodes within 1.5 hours of infection. MAP was associated with several cell types in the 

murine intestine, not solely the M cells overlaying the PP. Further studies may investigate 

the difference in MAP infection numbers between different mice lines to fully elucidate the 

importance of M cells in MAP infection. These mice lines may also be used to investigate the 

impact of coating MAP with various compounds and be used to study MAP mce gene knock-

outs in the context of an in vivo infection.  

Furthermore, the availability of murine enteroids which can also be stimulated to upregulate 

M cell production means that in vivo work may be replicated using this in vitro enteroid 

model. If the two systems coincide and show similar levels of MAP infection and cell tropism, 

it may be concluded that these enteroid models mirror the in vivo infection process. This may 

then be used to hypothesise that the in vitro infection modelled in bovine enteroids mimics 

that of an in vivo system also. This remains an important observation as there are likely 

species-specific effects which cannot be defined with murine models. 
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9 Appendices 
Appendix A| Primers used for RT-qPCR analysis of mce gene 
expression in different culture conditions.  
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Appendix B| Primers used for PCR amplification of mce 
genes for cloning.  

 
*Restriction sites in bold 
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Appendix C| Table of antibodies and cell staining reagents 
used in this thesis 

 
*Refers to antibodies used in Western Blot analyses  
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Appendix D| Immunoblot analysis of purified Mce protein 
from E. coli recombinant demonstrating unbound protein 

 
A 1:10 dilution was performed from an overnight culture of recombinant E. coli clones and 

cultured to an OD600 of 0.6. Protein production was induced with 0.1mM IPTG for 2 hours at 

37°C. The sample was treated with BugBuster and purified using cobalt resin according to 

the manufacturer’s instructions. Samples were taken at various steps to monitor the quality 

and quantity of the protein produced. Mce proteins were separated by SDS-PAGE and 

electro-transferred to a nitrocellulose membrane. A) A Coomassie stain of Mce1D protein 

elution. B) Rabbit monoclonal anti-His-tag antibody was used to detect the fusion proteins 

at a dilution of 1:1000. Lane 1 – whole cell lysate, 2 – soluble protein, 3 – insoluble protein, 4 

– resin-bound protein, 5 – supernatant post bead purification, 6 – elute #1, 7 – elute #2, 8 – 

elute #3, 9 – resin post elute, 10 – non-induced control. Numbers on the left lane indicate 

protein band size (kDa). 
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Appendix E| Primer sequences used to identify cell type 
specific targets in bovine intestinal models using RT-PCR 
 

 
  



245 
 

Appendix F| RT-PCR of apical-out enteroids derived from 
freshly isolated intestinal crypts 

 
RT-PCR of apical-out enteroids to detect transcripts of cell markers indicative of specific 

cell types. Apical-out enteroids were generated from freshly isolated intestinal crypts and 

suspended in complete IntestiCult containing the relevant inhibitors. RNA was isolated after 

3 days of culture and the cDNA synthesised to detect specific cell types in the sample RT-

PCR. 
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Appendix G| RT-PCR of serially passaged apical-out enteroids 

 
 
Apical-out enteroids were generated from freshly isolated intestinal crypts and suspended in 

complete IntestiCult medium. RNA was isolated from the cultures and the cDNA synthesised 

to detect specific cell types in the sample RT-PCR. A) Quality control of cDNA including no RT 

controls to confirm the absence of contaminating genomic DNA. B) RT-PCR of cell markers in 

apical-out enteroids derived from freshly isolated intestinal crypts at 3 days of culture (1), 7 

days of culture (2) and 7 days of culture after being passaged 3 times (3). No template 

control (4).   
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Appendix H| Table of primer sequences quantification of 
host cell and MAP genomic DNA by qPCR 
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Appendix I| Table of primers designed to detect expression 
of bovine reference gene candidates for RT-qPCR 
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Appendix J| Dissociation curves of RT-qPCR from basal-out 
3D bovine intestinal enteroids 

Dissociation curve of MAP infected 3D basal-out enteroids for REPS1 cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination.  
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Dissociation curve of MAP infected 3D basal-out enteroids for SART1 cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for TNFα cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for IL-8 cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for IL-17A cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for TNFα cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 

  



255 
 

Dissociation curve of MAP infected 3D basal-out enteroids for IL-1β cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for IL-23 cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for IFNγ cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for IL-6 cDNA to demonstrate a 

single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for TGFβ1 cDNA to demonstrate 

a single melting temperature, indicating a single PCR product present and a lack of 

contamination. 

  



260 
 

Dissociation curve of MAP infected 3D basal-out enteroids for TGFβ2 cDNA to demonstrate 

a single melting temperature, indicating a single PCR product present and a lack of 

contamination. 
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Dissociation curve of MAP infected 3D basal-out enteroids for Claudin 5 cDNA to 

demonstrate a single melting temperature, indicating a single PCR product present and a 

lack of contamination. 
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Appendix K| Table of primer sequences designed to detect 
expression of genes encoding bovine cytokines 
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Appendix L| Sources and suppliers of the reagents used in 
this study 

7H9 Middlebrook - Sigma 

7H10 Agar base - Sigma 

Mycobactin J - ID Vet 

OADC - Thermo Fisher Scientific 

8 well-chambered-slide - Nunc Lab Tek 

Rosetta2 Cells - Novagen 

DH5α E. coli - Invitrogen 

Lysozyme - SERVA 

TrypLE Express - Gibco 

0.25% Trypsin EDTA - Gibco 

Matrigel - BD Biosciences 

Bovine I Collagen - Gibco 

Murine IntestiCult - STEMCELL Technologies (06005) 

Y27632 - Cambridge Biosciences 

SB202190 - Enzo Life Sciences 

LY2157299 - Cambridge Biosciences 

B27 supplement minus vitamin A - Thermo Fisher Scientific 

Cryostor CS10 medium - STEMCELL Technologies 

Collagenase - Meck Life Sciences 

Dispase I - Scientific Laboratory Supplies Ltd 

OCT embedding matrix - CellPath UK Ltd 

PAS staining - TCS Biosciences Ltd 

TRIzol - Thermo Fisher Scientific 

SYBR green Supermix  - Quantabio, VWR Internation Ltd 

Taq Polymerase - Life Technologies 

10 mM dNTP mix - Promega 

MgCl2 - New England Biolabs 

XbaI - New England Biolabs 

NdeI - Promega 

Bovine Serum Albumin - Sigma 
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Lysin Matriz B - Merck Life Sciences 

AffinityScript Multiple temperature cDNA Synthesis kit - Agilent 

Technologies 

Turbo Dnase - Invitrogen 

Phusion HF Polymerase - New England Biolab 

DMSO - New England Biolab 

T4 DNA ligase - Promega 

Protogel - National Diagnostics 

Coomassie Brilliant Blue - BioRad 

TEMED - Sigma 

Nitrocellulose membrane - GE Healthcare Lifesciences 

Non-fat dry milk - Chem Cruz 

IPTG - Life Technologies 

BugBuster - Novagen 

Cobalt Resin - Thermo Scientific 

Protease Inhibitors - Sigma 

Rnase - Thermo Scientific 

DMEM - Sigma 

RPMI - Sigma 

Glutamine - Gibco 

Heat-inactivated Horse Serum - Sigma 

Heat-inactivated Foetal Bovine Serum -  

PMA - PeproTech EC Ltd 

HBSS - Sigma 

Advanced DMEM/F12 - Gibco 

Fluorescent green latex beads - Sigma 

Nuclease free water - Gibco 

6x loading dye - Thermo Fisher Scientific 

50 mM MgCl2 - New England Biolabs 

Sodium pyruvate - Gibco 

L-glutamine - Gibco 

 



265 
 

Appendix M| Cytokine qPCR Ct values 
 

Infection 
Condition 

Cytokine Ct Value 

SART1 REPS1 TNF IL-8 IL-17A IL-1β IL-23A IFN IL-6 TGFb1 TGFb2 

C2P5 Media 1hr 

29.32 28.91 30.73 27.09 32.33 31.51 28.97 31.85 32.84 35.74 No Ct 

29.03 28.7 30.99 26.96 31.58 29.56 28.88 31.56 32.03 32.65 34.68 

28.84 28.92 30.56 27.21 32.23 29.71 28.99 32.17 31.9 No Ct 33.66 

C2P5 K10 1hr 

31.09 30.1 32.04 27.31 32.41 30 30.45 32.26 32.92 33.44 41.11 

30.76 30.1 31.93 26.97 33 29.75 30.05 32.37 32.77 33.6 41.11 

31.62 30.72 31.24 27.12 31.84 29.89 30.48 32.54 33.41 No Ct 41.11 

C2P5 C49 1hr 

27.35 26.78 27.07 23.62 30.07 28.83 27.59 29.74 29.79 32.68 32.23 

27.38 26.66 26.91 23.57 30.22 28.93 26.92 29.87 29.91 32 32.17 

27.34 26.72 27.16 23.51 30.34 28.87 27.54 29.85 29.53 32.95 33.37 

C2P5 LPS 1hr 

31.21 30.98 32.3 29.53 34.73 30.03 30.56 33.82 33.29 No Ct 41.11 

31.84 31.73 33.39 29.13 33.31 29.84 30.99 32.93 34.3 35.08 41.11 

32.17 31.54 33.26 29.44 34.24 30.13 31.97 33.84 33.24 33.06 41.11 

C2P5 Media 24 hr 

31.7 32.56 34.99 34.9 35.39 30.87 34.37 36.69 38.57 34.77 41.11 

31.5 32.42 36.09 33.52 No Ct 30.33 32.64 35.01 35.63 No Ct 41.11 

31.59 32.6 32.11 33.31 35.75 30.08 31.9 36.28 39.27 32.67 41.11 

C2P5 K10 24 hr 

29.31 29.83 32.68 31.12 33.56 30.43 29.92 34.54 33.88 33.83 41.11 

29.52 29.74 35.98 30.3 34.8 30.15 30.3 34.3 33.54 33.67 41.11 

31.25 29.62 31.96 31.24 34.46 30.24 30.44 33.63 30.72 33.67 41.11 

C2P5 C39 24 hr 

29.44 29.34 32.36 30.43 32.96 30.14 No Ct 33.52 30.72 33.67 32.58 

29.45 29.4 32.04 30.98 32.56 29.86 30.07 33.25 30.94 34.4 33.25 

29.39 29.54 31.66 31.02 33.21 30.06 29.7 34.86 32.6 34.86 30.73 
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C2P5 LPS 24 hr 

28.66 28.9 32.1 30.17 34.19 30.4 29.33 33.37 32.89 34.3 33.34 

28.64 28.75 31.97 29.91 33.93 29.92 29.18 33.57 33.33 32.72 32.92 

29.04 29.2 31.83 30.37 33.37 30.31 29.6 33.92 32.5 32.71 No Ct 

C2P5 Media 72 hr 

29.27 28.87 31.73 29.46 33.35 30.23 29.45 33.88 32.83 33.38 33.57 

29.01 28.98 31.66 29.74 32.54 29.58 28.93 33.43 33.65 32.62 33.22 

28.89 28.67 31.15 29.71 32.71 29.86 29.36 32.63 32.88 33.81 No Ct 

C2P5 K10 72 hr 

26.53 No Ct No Ct 28.46 32.12 29.9 26.94 31.43 No Ct 34.01 No Ct 

26.6 26.65 31.07 28.44 31.85 29.87 27.03 31.54 31.4 34.33 31.93 

26.63 26.53 30.79 28.74 31.71 29.49 26.78 31.71 31.34 33.44 32.47 

C2P5 C49 72 hr 

28.63 28.46 30.83 29.94 31.2 29.43 28.65 32.19 32.49 33.31 No Ct 

28.44 27.96 30.78 29.22 31.53 29.56 28.23 31.92 31.07 33.6 33.6 

28.52 28.26 31.57 29.71 31.33 29.45 28.46 31.43 32.25 32.83 48.62 

C2P5 LPS 72 hr 

29.42 28.59 31.3 29.17 31.53 28.36 28.79 31.62 32.04 33.13 32.4 

29.33 28.66 31.27 29.42 31.52 28.55 29.28 31.87 32.36 33.61 38.75 

29.63 28.8 30.58 29.41 31.54 28.61 29.14 31.43 31.65 No Ct 35.39 

C3P5 Media 1hr 

25.49 27.04 27.24 22.82 28.79 28.04 25.55 28.37 27.61 31.97 31.5 

25.68 25.63 27.29 22.86 28.73 27.21 25.41 28.32 27.06 31.46 33.16 

25.61 25.57 27.42 22.88 28.91 27.18 25.49 28.2 26.75 31.81 32.08 

C3P5 K10 1hr 

28.22 28.16 29.3 22.64 30.39 No Ct 27.85 30.8 30.36 35.09 35.31 

28.15 27.81 28.97 22.4 30.87 28.67 28.04 29.99 29.51 34.06 35.31 

28.31 27.52 28.94 22.54 30.49 29.66 27.71 30.85 29.63 33.3 35.31 

C3P5 C49 1hr 

27.07 26.83 28.58 21.99 30.13 29.49 27.03 29.77 29.04 31.67 31.03 

26.96 26.72 28.51 22.12 30.21 28.79 26.81 29.9 28.75 31.94 32.19 

26.97 26.67 28.8 No Ct 30.16 28.52 26.95 29.76 29.26 31.11 32.33 

C3P5 LPS 1hr 
25.8 25.97 28.19 23.09 29.96 28.91 26.3 29.86 28.59 31.73 No Ct 

25.85 25.83 28.42 23 29.95 29.02 26.18 29.55 28.66 31.82 33.27 
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25.86 25.97 28.22 23.22 30.2 28.73 26.21 29.95 28.92 32.64 32 

C3P5 Media 24 hr 

27.68 28.98 31.31 27.65 31.93 30.05 28.78 32.33 31.92 32.63 No Ct 

27.74 28.47 30.32 27.64 32.49 29.87 28.51 32.63 31.67 32.56 32.67 

27.9 28.64 31.98 27.75 31.91 29.95 28.28 32.39 31.28 32.49 32.93 

C3P5 K10 24 hr 

25.55 26.18 30.01 26.28 31.56 30.11 26.63 31.26 30 32.32 31.63 

25.4 26.15 30.02 26.21 32.44 29.74 26.17 32.42 29.76 31.32 31.51 

25.36 26.01 30.07 26.33 31.14 30.22 26.37 31.54 29.94 32.21 31.89 

C3P5 C39 24 hr 

27.97 28.85 32.25 28.46 33.15 30.07 28.54 33.11 31.87 32.49 32.25 

27.54 28.52 31.55 28.08 33.73 29.92 28.89 32.55 32 33.18 31.65 

27.59 28.35 32.33 28.42 33.42 30.19 29.13 33.63 32 32.09 31.23 

C3P5 LPS 24 hr 

26.93 27.64 31.04 26.84 31.81 29.46 24.2 32.03 30.3 32.63 32.49 

26.94 27.39 30.58 26.79 31.81 29.75 27.55 31.47 30.6 31.98 32.03 

27.15 27.76 30.99 26.99 31.97 29.75 28.03 32.07 31.12 32.53 31.52 

C3P5 Media 72 hr 

27.64 28.13 32.03 27.44 32.11 28.05 28.05 32.13 31.22 32.51 38.13 

27.47 27.83 31.74 27.57 32.07 28.41 28.18 32.47 31.19 32.98 No Ct 

27.79 27.95 31.68 27.46 31.65 27.59 28.49 31.52 31.95 31.94 32.49 

C3P5 K10 72 hr 

28.16 27.96 32.9 28.6 32.91 30.54 28.99 35.67 32.27 35.64 No Ct 

27.87 25.92 32.93 28.17 32.91 30.01 28.61 33.25 31.2 33.86 32.52 

27.92 28.04 32.95 28.32 32.96 29.92 28.4 32.71 34.34 34.51 No Ct 

C3P5 C49 72 hr 

25.47 26.01 31.51 27.1 31.14 29.92 26.38 33.43 30.9 32.56 32.47 

25.51 28.17 31.64 26.53 32.79 29.86 26.31 33.46 30.79 32.03 33.4 

25.48 26.02 31.87 26.69 32.86 30.46 24.13 33.45 31.07 32.52 30.44 

C3P5 LPS 72 hr 

29.06 29.6 32.74 28.72 33.16 30.07 29.81 34.22 32.6 34.26 35.31 

29.09 29.68 33.28 28.78 33.24 29.8 29.87 33.54 33.59 34.67 35.31 

29.13 29.89 33.21 29.2 33.22 30.23 30.48 33.16 32.61 33.18 35.31 

C4P7 Media 1hr 23.85 23.97 24.28 20.34 26.58 27.3 24.88 27.73 26.21 29.69 31.44 



268 
 

23.08 23.96 24.39 19.91 26.3 26.41 24.33 26.98 26.13 28.48 31.88 

23.13 23.95 24.35 19.96 26.36 26.43 24.41 27.11 26.17 28.48 30.99 

C4P7 K10 1hr 

24.56 25.25 25.72 21.31 27.64 28.11 25.84 28.7 27.91 29.93 31.46 

24.32 25.06 25.59 21.21 27.62 28 25.49 28.39 27.6 29.4 32.14 

24.34 25.34 25.75 21.18 27.47 27.87 25.76 28.54 27.85 29.27 31.85 

C4P7 C49 1hr 

24.1 25.02 25.59 21.93 28.58 28.54 25.51 29.43 28.2 29.97 33.29 

24.1 24.92 25.57 21.74 28.34 28.63 25.37 29.07 28.29 29.26 32.61 

24.14 25 25.73 21.77 28.85 28.45 25.3 29.48 28.79 29.43 33.38 

C4P7 LPS 1hr 

23.24 24.08 24.78 20.85 26.71 27.07 24.38 27.67 26.73 28.76 31.8 

23.11 24.18 24.58 20.66 26.82 26.9 24.41 27.52 26.82 29.19 31.86 

23.18 24.29 24.86 20.89 26.91 26.82 24.59 27.61 26.9 28.62 31.19 

C4P7 Media 24 hr 

22.01 23.1 26.24 23.92 27.75 28 24.13 29.87 28.15 29.11 29.72 

21.35 22.79 25.81 23.56 27.66 27.46 23.77 28.94 27.64 27.72 29.72 

21.39 22.88 25.91 23.58 27.42 27.27 23.65 28.78 27.43 27.71 30.24 

C4P7 K10 24 hr 

23.86 24.98 28.17 25.97 28.53 28.78 25.72 30.09 29.04 30.22 31.35 

23.61 24.99 27.89 25.89 28.44 28.73 25.69 30.1 28.94 29.73 32.54 

23.6 24.88 27.96 25.88 28.52 28.61 25.71 29.74 29.17 30.14 31.35 

C4P7 C39 24 hr 

26.34 27.88 30.94 28.43 30.18 29.72 28.24 31.08 31.4 32.23 33.61 

26.36 27.82 30.07 28.3 29.65 29.94 28.45 31.39 31.99 32.26 33.53 

26.44 27.99 29.91 28.55 30.04 29.88 28.05 31.01 30.84 33.77 33.08 

C4P7 LPS 24 hr 

27.83 28.74 30.83 29.24 30.95 30.98 29.13 32.91 32.12 31.75 33.41 

27.57 28.57 31.1 29.12 31.27 31.05 29.41 32.39 32.53 30.69 33.41 

28.09 28.73 30.95 29.06 30.71 31.09 29.95 32.85 No Ct No Ct 33.41 

C4P7 Media 72 hr 

27.33 28.31 31.43 29.76 31.86 30.89 29.19 32.6 32.12 32.36 33.41 

26.91 28.33 31.04 29.54 31.49 31.84 29.44 32.75 32.75 31.51 33.41 

27.12 28.64 31.59 29.61 31.34 31.85 28.97 36.29 No Ct 31.31 33.41 



269 
 

C4P7 K10 72 hr 

26.87 28.41 31.97 29.69 31.77 30.86 28.68 32.62 32.41 35.2 33.96 

26.88 28.35 31.67 29.95 30.98 30.85 28.83 32.77 31.45 32.66 33.41 

27.1 27.99 31.52 29.87 31.16 31.2 28.72 32.58 No Ct 32.66 No Ct 

C4P7 C49 72 hr 

27.16 28.18 31.41 29.73 31.03 32.02 28.54 32.53 32.88 32.88 No Ct 

26.8 27.98 31.22 29.78 31.91 31.88 28.75 32.49 33.11 32.78 33.28 

26.8 27.97 31.46 29.59 30.73 31.69 28.65 33.34 No Ct 33.47 No Ct 

C4P7 LPS 72 hr 

27.58 28.88 31.73 29.6 31.58 31.85 29.2 33.6 32.34 32.21 33.41 

27.7 28.55 31.94 29.75 32.08 31.61 29.47 32.72 32.25 33.72 33.41 

27.39 28.61 No Ct 29.44 31 31.53 29.38 33.11 No Ct 32.48 33.41 
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